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DETERMINATION OF PILE QUALITY USING LOW STRAIN INTEGRITY 
TESTING AND AUTOMATIC SIGNAL MATCHING 
SUMMARY 
Low strain pile integrity testing which utilizes one dimensional wave propagation 
theory makes it possible to detect major discontinuities or defects (cavities, cracks, 
decrease and increase in cross-section) within a pile quickly and economically. In 
this study, pile integrity testing data of 187 piles in two close sites located in 
Büyükçekmece are analyzed. The test method utilized in this project is the sonic 
echo method, and the test itself is specifically called the “Sonic Integrity Test”. The 
aim of this study is to detect occurrence of discontinuities along the pile axis. As the 
test data reflect the change in impedance, possible impedance diversity due to soil 
conditions must be known beforehand. In this manner, impedance difference caused 
by the discontinuities in the pile is distinguished and acquired. Using TNOWAVE’s 
SITWAVE application, pile integrity testing is simulated and signal matching 
procedure is executed. In order to achieve reliable results using SITWAVE, 
sufficient soil investigation must be performed to determine the soil layers and soil 
parameters properly. In the signal matching process, the test signal data are matched 
with the reference signal data simulated by the software. As the result of whole 
signal matching process, 29 (16%) of all 187 piles have no discontinuity and the 
majority (75%) of the piles have both increase and decrease in their cross-section 
area. 
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DÜŞÜK DEFORMASYONLU SÜREKLİLİK DENEYİ  VE OTOMATİK 
SİNYAL EŞLEME YÖNTEMİ İLE KAZIK KALİTESİNİN BELİRLENMESİ 
ÖZET 
Düşük deformasyonlu kazık süreklilik deneyi, ortamda tek boyutlu dalga yayılımı 
ilkesine dayanarak kazıklarda meydana gelen süreksizliklerin (boşluklar, çatlaklar, 
çaptaki daralma ve genişlemeler) hızlı ve ekonomik olarak belirlenmesine olanak 
tanır. Bu çalışmada, Büyükçekmece bölgesinde iki yakın şantiyede imal edilen 187 
adet kazık üzerinde uygulanan kazık süreklilik deneyi verileri analiz edilmiştir. 
Deney yöntemi olarak sonik yankı (sonic echo) yöntemi kullanılmıştır ve bu deney 
özel olarak sonik süreklilik deneyi olarak adlandırılmaktadır. Bu çalışmanın amacı 
kazık ekseni boyunca oluşan süreksizlikleri tespit etmektir. Deney verileri 
empedansdaki değişimleri gösterdiği için, zemin koşullarından oluşabilecek 
empedans farklarını hesaba katmak gerekmektedir. TNOWAVE firmasının 
SITWAVE adlı bilgisayar yazılımı kullanılarak, kazık süreklilik deneyi modellenmiş 
ve kazıklar üzerinde sinyal eşleme işlemi uygulanmıştır. SITWAVE kullanılarak 
güvenilir sonuçlar elde etmek için, arazide yeterli derecede zemin araştırması 
yapılmalı ve zemin tabakaları belirlenmelidir. Sinyal eşleme yönteminde; kazığın 
geometrisi değiştirilerek ölçülen sinyal verileri, yazılımın oluşturduğu sinyal 
verileriyle eşlenmektedir. Analizlerin sonucunda, 29 (%16) kazıkta herhangi bir 
süreksizlik olmadığı ve kazıkların %75’inin hem daralma hem de genişlemeye maruz 
kaldığı tespit edilmiştir. 
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1. INTRODUCTION 
Pile foundations are finding extensive application in present-day civil engineering. 
For example, most residential and public buildings over nine stories high are erected 
on pile foundations. This stems from the fact that piles offer a much higher bearing 
capacity as compared with shallow foundations and involve less earthmoving. Pile 
foundations are the part of a structure used to carry and transfer the load of the 
structure to the bearing stratum located at some depth below ground surface. Piles 
transfer the load to ground in two ways, skin friction and base bearing. In general, 
project designers prefer one of these methods according to soil conditions and design 
the pile dimensions and reinforcement in accordance with preference. On the other 
hand, both skin friction and base bearing can be used in the same design. 
Being unseen creates significant question marks about quality of piles that are 
constructed under foundation, particularly in cast-in-situ piles. Direct relation 
between load capacity and quality of piles makes the quality essential. Although, 
inspections are carried out during construction to ensure the highest quality, it is 
impossible to determine if the pile is constructed in intended quality or not without 
testing. This leaded to need of methods for testing the constructed piles. 
Wide ranges of testing methods are now available for determining pile quality 
categorized under two main groups, which are destructive and non-destructive testing 
methods. Both categories have their own advantages and disadvantages, but owing to 
being economical, time consuming and easy to perform, non-destructive testing 
methods become more popular.  
Wave equation analysis is theoretically based on the principles of one dimensional 
wave propagation theory in a rigid body. In geotechnical applications, the developed 
test methods and computer programs based on this one dimensional stress wave 
theory are applied in order to predict pile drivability and to control the integrity of 
constructed piles. 
In this study, signal matching process is used on the data obtained by Sonic Integrity 
Testing (SIT) performed on 187 piles in two close sites. The aim was to detect major 
discontinuities and determine their relations with depth and the soil profile. 
2 
The results of the SIT can be used directly to analyze the piles for discontinuities, 
however this analyze type is qualitative and it only gives brief information about the 
discontinuities and sometimes it is possible to overlook some details. Thus, for 
quantitative analysis, signal matching process is performed. To perform the signal 
matching process, TNOWAVE’s SIT simulation and signal matching software, 
“SITWAVE Wave Equation Package” is used. 
Analyzes are based on the propagation of stress wave through the pile axis. The 
stress wave is generated by an impulse of a handheld hammer. Several different 
solution approaches have been derived in order to model the pile-soil system. Among 
these, method of characteristics is the most reasonable solution. In the analysis, 
basically the geometry of the pile is changed to match the software generated signal 
to the measured test signal. Theoretical knowledge forming the SITWAVE program 
algorithm and the application steps are given briefly. Further analyzes were 
performed to determine discontinuity type-depth of discontinuity-soil type relations. 
For signal matching analysis, the sonic integrity testing must be performed properly 
and SIT data should be reliable. The pile head should be flat and cleaned before 
testing. There should be enough space on the pile head for the hammer blow. Also, 
the site investigation test results must be reliable. The analyzes greatly depend on the 
soil investigation data. Thus, tests must be performed with great care and adequate 
number of tests should be performed. 
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2. PILE FOUNDATIONS AND THEIR CLASSIFICATION 
The term “pile foundation” usually refers to a group of piles placed close together to 
take a heavier load than a single pile could carry. A pile group whether of steel, 
concrete, or timber piles is generally capped by a reinforced concrete cap cast around 
pile heads to ensure that the piles act together and distribute the load among them 
from the structure above. Pile caps are load bearing constructions serving to support 
the superstructure of a building. They may be built under the surface of the ground, 
on (or in contact with) the ground, or above the ground (Berlinov, 1990). 
The columnar elements in a foundation have the function of transferring load from 
the superstructure through weak compressible strata or through water, onto stiffer or 
more compact and less compressible soils or onto rock. Load transfer may be by end 
bearing, skin friction, or the combination of both. The elements may be required to 
carry uplift loads when used to support tall structures subjected to overturning forces 
from winds or waves. Combinations of vertical and horizontal loads are carried 
where piles are used to support retaining walls, bridge piers, and machinery 
foundations (Tomlinson, 1994). 
Pile foundations are normally used when multi-storey buildings and other heavy 
structures have to be founded on poor soils. They are also used for one or two storey 
buildings and lighter structures in special cases such as filled up grounds and highly 
shrinking and swelling type of soils (Mohan, 1988). Soil profiles having expansive 
and collapsible characteristics can lead to undesired settlement problems within the 
structures resting on shallow foundations. Pile foundations remove the negative 
effects of the defined soil profile on the structure. 
Pile foundations are also commonly used in order to resist uplift forces caused by 
basement mats below the water table, offshore structures and to resist overturning 
forces caused by winds, waves or earthquake effects especially in the construction of 
retaining walls and foundations of tall building or tower structures. Piles can resist 
the lateral loadings by bending. While constructing pile foundation systems of 
retaining walls, machinery foundations, bridge piers and abutments, they are exposed 
to the combined effect of both vertical and laterals forces. 
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The main components of pile foundations are the pile cap and the piles. Piles are 
long and slender members which transfer the load to deeper soil or rock of high 
bearing capacity avoiding shallow soil of low bearing capacity. The main types of 
materials used for piles are timber, steel and concrete. Piles made from these 
materials are driven, drilled or jacked into, or cast in the ground and connected to 
pile caps. Depending upon type of soil, pile material and load transmitting 
characteristic piles are classified accordingly (Mohan, 1988). 
2.1. Brief History of Piles 
Pile foundations have been used as load carrying and load transferring systems for 
many years. In the early days of civilization, from the communication, defense or 
strategic point of view, villages and towns were situated near to rivers and lakes. It 
was therefore important to strengthen the bearing ground with some form of piling. 
Timber piles were driven into the ground by hand or holes were dug and filled with 
sand and stones (Abebe, et al., 2005). 
The Neolithic inhabitants of Switzerland drove wooden poles in the soft bottoms of 
shallow lakes 12,000 years ago and erected their homes on them. Venice was built on 
timber piles in the marshy delta of the Po River to protect early Italians from the 
invaders of Eastern Europe and at the same time enable them to be close to the sea 
and their source of livelihood. In Venezuela, the Indians lived in pile-supported huts 
in lagoons around the shores of Lake Maracaibo. Today, pile foundations serve the 
same purpose: to make it possible to build in areas where the soil conditions are 
unfavorable for shallow foundations (Prakash, et al., 1990). 
More recently, the growing need for housing and construction has forced authorities 
and development agencies to exploit lands with poor soil characteristics. This has led 
to the development and improved piles and pile driving systems. Today there are 
many advanced techniques of pile installation (Abebe, et al., 2005). 
The driving of bearing piles to support structures is one of the earliest examples of 
the art and science of civil engineering. In Britain there are numerous examples of 
timber piling in bridge works and riverside settlements constructed by the Romans. 
Timber, because of its strength combined with lightness, durability and ease of 
cutting and handling remained the only material used for piling until comparatively 
recent times. It was replaced by concrete and steel only because these newer 
materials could be fabricated into units that were capable of sustaining compressive, 
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bending and tensile forces far beyond the capacity of a timber pile like dimensions. 
Concrete, in particular, was adaptable to in-situ forms of construction which 
facilitated the installation of piled foundations in drilled holes in situations where 
noise, vibration and ground heave had to be avoided. 
Reinforced concrete, which was developed as a structural medium in the late 
nineteenth and early twentieth centuries, largely replaced timber for high-capacity 
piling for works on land. It could be precast in various structural forms to suit the 
imposed loading and ground conditions, and its durability was satisfactory for most 
soil and immersion conditions. The partial replacement of driven precast concrete 
piles by numerous forms of cast-in-situ piles has been due more to the development 
of highly efficient machines for drilling pile boreholes of large diameter and great 
depth in a wide range of soil and rock conditions than to any deficiency in the 
performance of the precast concrete element. 
Steel has been used to an increasing extent for piling due to its ease of fabrication 
and handling and its ability to withstand hard driving. Problems of corrosion in 
marine structures have been overcome by the introduction of durable coatings and 
cathodic protection (Tomlinson, 1994). 
2.2. Classification of Piles 
The commonest function of piles is to transfer a load that cannot be adequately 
supported at shallow depths to a depth where sufficient support becomes available. 
When a pile passes through poor material and its tip penetrates a small distance into a 
stratum of high bearing capacity, it is called a bearing pile (Figure 2.1a). When piles 
are installed in a deep stratum of limited supporting ability and these piles develop 
their carrying capacity by friction on the sides of the pile, they are called friction 
piles (Figure 2.1b). Many times, the load-carrying capacity of piles results from a 
combination of point resistance and skin friction. 
The load taken by a single pile can be determined by a static load test. The allowable 
load is obtained by applying a factor of safety to the failure load. Although it is 
expensive, a static load test is the only reliable means of determining allowable load 
on a friction pile. 
Tension piles are used to resist moments in tall structures and upward forces (Figure 
2.1c). Laterally loaded piles support loads applied on an angle with the axis of the 
pile in foundations subject to horizontal forces such as retaining structures (Figure 
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2.1d and e). If the piles are installed at an angle with the vertical, these are called 
batter piles (Figure 2.1d). Dynamic loads may act on piles during earthquakes and 
under machine foundations (Prakash, et al., 1990). 
 
Figure 2.1 :   Different uses of piles: (a) Bearing pile, (b) friction pile, (c) piles under 
uplift, (d) piles under lateral loads, (e) batter piles under lateral loads (Prakash, et 
al., 1990). 
In addition to the method of load transfer, piles can also be classified in terms of  
their material type, method of installation, manufacturing and amount of ground 
disturbance during installation. The criteria for the classification of piles are 
summarized in Figure 2.2. 
Force
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Figure 2.2 :   Classification of piles. 
Piles can be analyzed in various classification categories as mentioned in the above 
figure. The British Standard Code of Practice for Foundations the “BS 8004” 
classifies piles depending on their amount of ground disturbance related with the pile 
installation methods as follows: 
• Driven displacement piles 
• Driven-and-cast-in-place displacement piles 
• Replacement piles 
• Composite piles 
2.2.1. Driven Displacement Piles 
Driven displacement types of piles displace the soil by their closed sections. They are 
either solid section or hollow-section piles with a closed end, which are driven or 
jacked into the ground and thus displace the soil. 
2.2.1.1. Timber Piles 
Timber is a practical material for piling because of its high strength to weight ratio. 
Timber piles are advantageous for piling due to their easy handling, readily cut to 
desired lengths, high durability and they have almost a long lasting life time period in 
suitable environmental conditions. However, they require treatment related to their 
installation environments. In fresh groundwater level, they do not need any treatment 
but in the case of such as extending above the groundwater level or in marine 
Pile Material
- Timber
- Concrete
- Steel
- Composite
Pile Installation
- Driving
- Boring (Drilling)
- Both
Method of Manufacturing
- Precast
- Cast-in-place
Load Transfer
- Tip resistance
- Sleeve friction
Ground Disturbance
- Large displacement
- Small displacement
- Replacement
- Composite
CLASSIFICATION OF PILES
8 
conditions, it is required to be treated by creosote in order to be able to prevent the 
decay of timber piles. Preservative chemicals can extend the life of timber. In 
addition to this, there are other prevention methods to extend the service life of 
timber piles. It is a usual practice to cut off timber piles just below the lowest 
predicted ground-water level and to extend them above this level in concrete. If the 
ground-water level is shallow, the pile cap can be taken down below the water 
(Figure 2.3). 
Timber piles can be in two types as round untrimmed logs or as sawed square 
sections. Square cross-sectional timber piles are prepared by removing the outer 
sapwood which is absorptive to creosote or some other liquid preservative, which has 
negative effects on piles durability. Timber piles are commonly used as friction piles 
in all type of soils but they are significantly suitable for coarse grained soils. 
In order to prevent possible damages of the pile point against splitting or brooming 
under hard driving conditions, shoe is required for the pile tip especially for end-
bearing timber piles. Cast steel point for pile toe is the common protecting shoe for 
timber piles. When piles are driven into dense or hard materials, shoe must be used. 
2.2.1.2. Precast Concrete Piles 
Precast concrete piles are generally used where cast-in-situ piles are impractical or 
uneconomical to use. These situations occur usually in river and marine conditions. 
Precast concrete piles are casted, cured and stored before they are installed in the 
field. They are driven as small or large displacement type of piles and yet they may 
have circular, square, octagonal or hexagonal cross sectional areas with short or 
moderate lengths. In order to lower their weight, long piles are generally designed 
with a hollow in the center. After the driving is completed, the interior hole is filled 
with concrete. Moreover, this process is also applied to prevent bursting against frost 
action. 
Reinforcement is an important aspect for precast concrete piles. This characteristic 
can have either positive or negative effects on land structures related to the 
economical issues. Reinforcement provided must be able to withstand the bending 
and tensile stresses which occur during the handling and driving processes. If the 
piles will be exposed to only compressive loading, then this reinforcement becomes 
functionless after the installation of the pile into the ground. In that case 
reinforcement turns to be an economical factor and raises the cost. Because of this 
necessity, precast concrete piles are more costly than other type of concrete piles e.g. 
driven-and-cast-in-place type. On the other hand, if lateral loading and uplift loads 
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exist causing bending and tensile stresses, reinforcement has an important function to 
resist. 
 
Figure 2.3 :   Protection of timber piles from decay (a) by precast concrete section 
above water level; (b) by extending pile cap below water level (Tomlinson, 1994). 
Timber bearers should be placed between the piles in the stacks to allow air to 
circulate around them. They should be protected against too-rapid drying in hot 
weather by covering the stack with a tarpaulin or polyethylene sheeting. Care must 
be taken to place the bearers only at the lifting positions. If they are misplaced there 
could be a risk of excessive bending stresses developing and cracking occurring, as 
shown in Figure 2.4 (Tomlinson, 1994). 
One of the other shortcomings of disjointed precast concrete piles is that they are not 
readily cut down in order to be able to reach the bearing stratum. They are used both 
as end-bearing piles in soft subgrades and as friction piles in sand, gravel or clay.  
Precast concrete piles are subdivided into two groups, as reinforced precast concrete 
piles and pre-stressed concrete piles. Precast concrete piles are reinforced by 
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longitudinal bars with also including the lateral reinforcement as individual hoops or 
spiral. They are generally designed for about 12-15 m in length. Cracking causing 
pile deterioration under environmental conditions occurs up to 0.25 mm in width. 
These disadvantages can be prevented by the usage of pre-stressed concrete piles 
instead of reinforced precast concrete piles.  
 
Figure 2.4 :   Misplaced packing in stacks of precast concrete piles (Tomlinson, 
1994). 
Pre-stressed concrete piles are designed by using steel rods or wires under tension to 
replace the longitudinal steel used in reinforced concrete piles (Prakash, et al., 1990). 
They meet the high-capacity long pile requirement for different soil conditions. 
Besides, pre-stressed concrete piles have certain advantages over those of ordinary 
reinforced concrete. The principal advantage is in their higher strength to weight 
ratio, enabling long slender units to be lifter and driver. However, slenderness is not 
always advantageous since a large cross-sectional area may be needed to mobilize 
sufficient resistance in skin friction and end bearing. 
Second main advantage is the effect of the pre-stressing in closing up cracks caused 
during handling and driving. They are more durable due to the fact that the concrete 
is under continuous compression which blocks the penetration of harmful chemicals 
through the concrete mass. This effect, combined with the high-quality concrete 
necessary for economic employment of pre-stressing, gives the pre-stressed pile 
increased durability which is advantageous in marine structures and corrosive soils 
(Tomlinson, 1994). 
Pre-stressed piles can be also divided into two sections as pre-tensioned and post-
tensioned pre-stressed concrete piles. Post-tensioned piles are constructed in sections 
to be assembled at the site and pre-tensioned pre-stressed ones are manufactured in 
full length at about 40 m long. 
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2.2.1.3. Steel Piles 
Steel piles are commonly used as sheet piles. However, their advantages in being 
robust, easy to handle, high compressive load capacity when driven on to a hard 
stratum make them preferable as load bearing piles. Although their cost per meter is 
higher than precast concrete piles, they are also capable of being driven hard to a 
deep penetration which enables them to reach a bearing stratum or to gain a high 
skin-frictional resistance. Steel piles are light and resistant to buckling and bending 
forces due to flexibility of material, they can easily be handled without damage. They 
can be designed as small displacement piles, which is advantageous in situations 
where ground heave and lateral displacement must be avoided (Tomlinson, 1994). 
Steel piles can be readily cut down and re-trimmed for further driving. Also their 
lengths can easily be adjusted by welding or coupling depending on different depths 
of bearing soil formation or rock. They have ability of carrying high compressive 
loads when they are driven into firm bearing stratum and they have resistance to hard 
driving without breaking. 
Since steel piles are resistant to lateral and buckling forces, they are widely used in 
marine structures. Tubular steel piles are preferred in those structures. In addition, 
the part of the pile above the sea bed in marine structures or in disturbed soils is 
vulnerable to corrosion effect although the circular shape is advantageous in 
minimizing oscillation from waves and currents. These steel piles require protection 
against corrosion by cathodic methods. In the same manner, in marine conditions 
welded joints of pile above the sea-bed level must be in high quality against possible 
high lateral forces and corrosion effects. On the other side, welding is not a critical 
factor in land structures, affecting the load carrying capacity of pile where it is 
supported by the soil. 
Mostly used three main section types of steel piles are H-section piles, box section 
piles, and plain tube or monotube (tapered and fluted tube) piles. Hollow section 
piles can be driven with open ends. They need not have to be filled with concrete. 
However, the load is shared between the concrete and the steel if steel tube or box 
piles are filled with concrete. The working stress in the concrete should not exceed 
the value normally used for precast concrete piles (Tomlinson, 2001). 
Steel H-section piles are mainly characterized as small displacement piles (Figure 
2.5a). They do not cause heave or lateral displacement in the ground. These functions 
make them useful in deep penetrations through loose or medium-dense sands and in 
situations where ground heaving is undesirable. Due to their small cross sectional 
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areas, H-section piles do not act as a high resistant end bearing pile in soils or in 
weak or cracked rocks. Special types of H-section steel piles are constructed. Short 
H-section piles are welded on to the flanges of the piles close to their toes to form 
“winged piles” in order to increase their cross-sectional areas in end-bearing without 
reducing their penetrating ability (Tomlinson, 1994). 
On the other hand, as a limiting property, H-sections can show bending along their 
weakest axis. This bending can result in deflection from the vertical with serious 
curvature during deep penetration driving. Results of curvature measurements show 
that working stresses of steel is exceeded before the application of super structure 
loads. Failure in the section of maximum curvature is due to the plastic deformation 
of the pile shaft. Concrete as a material does not stress during driving before the 
application of load. In this aspect, the steel tube piles with their interiors filled with 
concrete are superior when compared to H-section piles against curvature and 
working stresses. 
Steel tube piles are widely used in the USA, sometimes in the form of ordinary pipe-
sections filled with concrete, and also in the form of specially designed fluted 
sections which are driven to the full depth by ordinary pile hammer and then filled 
with concrete (Tomlinson, 2001). Steel tube piles as also called as pipe piles may be 
driven either with a closed-end or with an open end. A closed-end pipe has a flat 
steel plate or a conical steel point welded to the bottom. An open-end pipe has 
nothing at the bottom, thus the soil enters the pile interior during driving to form a 
soil plug (Figure 2.5b). Under these circumstances, an open-end pipe pile displaces 
less soil than a closed-end pile, but more than an H-section pile (Coduto, 1994).  
Monotubes tapered and fluted types are hollow steel tubes tapering uniformly. Piles 
have two sections as uniform and tapered sections. They have standard tip diameters 
of 203 mm and the shaft diameter varies between the values of 305 mm, 356 mm, 
406 mm or 457 mm depending on the pile length. 
2.2.2. Driven-and-cast-in-place Displacement Piles 
Driven-and-cast-in-place displacement types of piles are composed of three main 
components as steel tube, reinforcement element and concrete. Close ended steel 
tube is driven into the ground to the desired depth and the reinforcement unit is 
placed after driving. The inside of the tube is filled with concrete. As casing element 
withdrawable steel tubes, thin steel shells or precast concrete shells can be used. The 
withdrawable tube piles classified as uncased cast-in-place driven piles are the most 
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economical type of pile for land structures (Tomlinson, 1994) but pile rig can be a 
constraint factor in pile length due to the penetration limits of pulling out the driven 
tube. So piles are at about 20 or 30 m in length for withdrawable tube cast-in place 
piles.  
 
Figure 2.5 :   Cross section view of steel piles; (a) H-section pile, (b) open ended 
steel tube pile (Coduto, 1994). 
2.2.2.1. Withdrawable Tube Types 
Withdrawable tube is driven into the ground by a drop hammer or by a diesel or 
vibrating hammer. At the end of the driving of the tube to the desired penetration 
depth, reinforcing cage is lowered down the full length of the tube. Full length of 
reinforcement prevents possible discontinuities in the pile shaft that might have been 
occurred during the removal of the tube due to arching and lifting of the concrete. 
Concrete is then placed into the tube and finally the tube is pulled out by a hoist rope. 
The length of formed pile is limited by the ability of the rig which withdraws the 
driven tube. As a result, pile lengths reach up to 20-30 m. This installation technique 
of the tube is known as “top driving method”. Other possibility is to drive it by 
internal hammer technique. As well as the installation methods, removing the driven 
tube back after placing the concrete is another important step construction of the 
cast-in-place piles. The withdrawable tube can be pulled out in stages during placing 
concrete or after completing the process when it is totally filled with concrete. 
Permanent light gauge steel lining tube can be used along with the drive tube in order 
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to prevent possible problems that may arise due to the pressure of injected concrete 
in the surrounding soil (such as soft clays and peat) and also in the pile shafts.     
Franki pile which is a special type of cast-in-place pile also called as expanded base 
compacted pile is an example to both internal hammer installation technique and 
pulling out of the driven tube in stages (Figure 2.6). Franki pile consists of a drive 
tube having plug material at the bottom tied down by lifting ropes to the pile rig 
above the ground surface; the internal hammer is dropped on this plug in order to 
install the tube. Tube is driven until the required toe level controlled by the lifting 
ropes. Then at the toe level the gravel and dry concrete are compacted in order to 
obtain a bulb or enlarged base to the pile. Reinforcing cage is set into the tube, then 
as the drive tube is pulled out in stages concrete is placed. Internal hammer method is 
relatively a slower process when compared to the top driving method, but in the case 
of the necessity of high bearing capacity, the enlarged base maintains economical 
benefits. 
Franki piles can also be installed with casing top driven. Top-driving the casing is a 
rapid installation method and conventional impact hammers can be used. Instead of a 
concrete plug, a lost bottom plate is used to seal the casing. However, top-driving 
increases the stresses in the casing. Also, noise during the driving phase can be high 
compared to conventional Franki piles. A Franki hammer is required to create the 
enlarged base. The shaft is usually manufactured by wet concrete without 
compaction. The casing is usually extracted using a small vibrator (Figure 2.7). 
 The Vibrex pile installed in Holland by Verstraeten BV and in Belgium by Fundex 
PVBA employs a diesel or hydraulic hammer to drive the steel tube which is closed 
at the end by a loose steel plate. The steel tube is driven, and the reinforcement cage 
is lowered.  Finally the concrete is placed. After placing the concrete, the drive tube 
is pulled out by the vibrating unit clamped to the upper end of the tube. The vibrex 
piles are formed in shaft diameters of from 350 to 600 mm and in lengths up to 38 m. 
2.2.2.2. Shell Types 
Cased cast-in-place driven piles are suitable in the case of the necessity of protection 
of the placed concrete against ground pressures and intrusions. Installation procedure 
for cased driven piles consists of driving the steel casing, inspecting the casing for 
damages and filling the driven casing with concrete (Prakash, et al., 1990). The 
permanent lining tube can either be thin corrugated steel or pipe (either open or close 
ended) or precast concrete shell units. For shell type of driven and cast-in-place piles 
precast concrete sections can be used instead of steel lining tubes to lower down the 
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temporary drive tube. Bottom of the corrugated steel lining tube is jointed to a steel 
plate or precast concrete shoe which prevents the uplift of constructed pile during 
removing the temporary drive tube or mandrel. Mandrel is part of a piling rig 
attached to the head of the lining tube which transfers the hammer blows to the 
casing top to drive it. Dropped-in-shell concrete piles, Raymond step-taper piles and 
finally the West’s shell pile are examples to the shell type driven cast-in-place 
concrete piles. 
The West’s shell piling system uses short cylindrical concrete shells (Figure 2.8). 
With joining those short units a continuous concrete shaft is obtained. Precast units 
are placed onto a central steel mandrel and on a precast concrete driving shoe. The 
completed assembly is driven to a depth limited by the length of the mandrel. When 
the driving process for the first mandrel section is completed, additional concrete 
shells are placed onto a second extension mandrel which is attached to the top of the 
bottom mandrel. The driving process is repeated in this manner up to the required 
depth is reached. 
 
 
Figure 2.6 :   Execution of a Franki pile (Geoforum, 2006). 
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Figure 2.7 :   Sequence of operations for a top-driven Franki pile (Cementation 
Foundations Skanska, 2006). 
2.2.3. Replacement Piles 
Replacement pile term is based on the technique that first an equal volume of soil is 
removed by drilling without disturbing the adjacent soil profile and then cast-in-place 
pile is constructed by placing concrete or other structural element in the borehole. 
Replacement piles consist of bored-and-cast-in-place piles and drilled-in tubular 
piles. 
2.2.3.1. Bored-and-cast-in-place Concrete Piles 
In these types of piles, a borehole is drilled in the ground by one of the following 
driving, boring, jetting and coring methods. Bored piles can be constructed by 
different drilling methods. Hand and mechanical auger techniques can drill pile 
shafts up to 355 mm in diameter and 5m in depth. These techniques are commonly 
preferred for light structures. Mechanical spiral- plate, bucket augers, grabbing rigs 
(Tomlinson, 1994) can drill boreholes of 7.3 m in diameter and depth can be reached 
up to 120 m with larger rotary auger machines. Then concrete is placed inside the 
hole to form a cast-in-place concrete pile. In designing a functional pile system, 
predetermination of load factors which would have effects during and after 
installation on pile, in addition the predetermination of pile length in order to adjust 
field requirements have a very important role. For precast-concrete piles, due to the 
driving and lifting stresses piles are subjected to lateral and uplift loads and pile 
design is based on those calculations. 
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Figure 2.8 :   Configuration of West’s shell pile showing the driving units and 
installation (Geoforum, 2006). 
One of the advantages of cast-in-place piles is that they are designed only depending 
on the service loads. They do not require casting and storage yards. Also unlike the 
unjointed precast piles, in cast-in place piles, pile lengths can be designed in 
accordance with the field conditions. Therefore predetermination of pile length is not 
critical (Prakash, et al., 1990). 
By using rotary continuous-flight auger drilling technique, continuous-flight auger or 
auger injected piles also known as CFA piles are constructed (Figure 2.9). At suitable 
ground conditions where the drilling depth is above the ground water level and where 
the soil can hold itself, first the auger equipment is removed and then the sand-
cement grout is pumped. In unstable or water-bearing soils a flight auger is used with 
a hollow stem closed at the bottom by a plug (Tomlinson, 1994). Reaching the 
desired penetration borehole depth cement-sand mixture or concrete is placed inside 
the drilled shaft through the hollow stem while the auger is removed in stages with or 
without rotation (Figure 2.9). The bearing capacity and settlement behavior of CFA 
piles is to a large extent influenced by the equipment used and the experience of the 
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operator. The significance of these two aspects is often underestimate or overlooked 
at the design stage, but it plays an important role for the performance of CFA piles. 
Great attention must be given to every phase of the field installation procedure, 
including the drilling of the hole, the casting of the shaft, the extraction of the auger 
and the placement of the reinforcement.  
 
Figure 2.9 :   Stages for installation of CFA piles (Geoforum, 2006). 
For unstable soils with conventional boring techniques temporary casing must be 
used in order to support the soil during drilling process. Temporary casing usage 
shows the necessity of full length reinforcement in piles. Generally bored-and-cast-
in-place piles do not require reinforcement but in the existence of uplift loads piles 
need to have reinforcing cage. Casing should be removed during or after placing the 
concrete for economical factors and also to increase the skin friction on the shaft. 
During removing the casing required attention must be paid in order to prevent lifting 
of concrete. The CFA piles become advantageous at this point when compared to the 
conventional boring technique for unstable ground conditions due to not requiring a 
temporary casing and not being affected by water conditions of soil profile. 
Method of load transfer of conventionally bored piles and CFA piles are also 
different. CFA piles are much likely to be considered as friction piles because of the 
fact that there is not enough data defining the soil or rock at the toe of drilled shaft. 
The characteristic of the bottom structure can only be distinguished by the increase in 
torque during driving of flight auger. In conventional boring technique the soil 
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profile at the required depth can be analyzed by drill cuttings or by probing. If CFA 
piles are used as end-bearing piles, a conservative value for the allowable end-
bearing pressure must be chosen (Tomlinson, 1994). Besides, the integrity of the 
constructed pile must be kept under control due to pumping of concrete.   
2.2.4. Composite Piles   
Probable problems that may arise due to site or ground conditions which is not 
suitable for only a one kind of pile material can be achieved by optional solutions. 
Composite piles have this advantage of using two different material characteristics 
by joining sections. Various combinations can be used such as bored piles with 
driven piles also such as concrete and timber piles as well as concrete and steel piles. 
Other combinations can also be used. Timber piles can be combined with the precast 
concrete pile in order to prevent the decay of timber or a cased borehole is drilled 
and then the timber pile is driven to the desired depth after that the rest of the 
borehole is filled with concrete. For marine conditions, a composite pile can be made 
by joining sections of precast concrete and a steel H-pile avoiding corrosion caused 
by sea-water. The joints between the different elements must be rigidly constructed 
to withstand bending and tensile stresses, and these joints add substantially to the 
cost of the pile (Tomlinson, 1994). 
2.3. Load Capacity of Piles 
2.3.1. Ultimate Load Capacity of Piles 
There are two usual approaches to the calculation of the ultimate load capacity of 
piles: the “static” approach, which uses the normal soil-mechanics method to 
calculate the load capacity from measured soil properties; and the “dynamic” 
approach, which estimates the load capacity of driven piles from analysis of pile-
driving data.For practical design purposes, engineers must base their calculations of 
carrying capacity on the application of the load at a relatively short time after 
installation. The reliability of these calculations is assessed by a loading test which is 
again made at a relatively short time after installation. 
When a pile is subjected to a progressively increasing compressive load at a rapid or 
moderately rapid rate of application, the resulting load-settlement curve is as shown 
in Figure 2.10. Initially the pile-soil system behaves elastically. There is a straight-
line relationship up to some point A on the curve and if the load is released at any 
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stage up to this point the pile head will rebound to its original level. When the load is 
increased beyond point A there is yielding at, or close to, the pile-soil interface and 
slippage occurs until point B is reached, when the maximum skin friction on the pile 
shaft will have been mobilized. If the load is released at this stage the pile head will 
rebound to point C, the amount of 'permanent set' being the distance OC. The 
movement required to mobilize the maximum skin friction is quite small and is only 
of the order of 0.3 to 1% of the pile diameter. The base resistance of the pile requires 
a greater downward movement for its full mobilization, and the amount of movement 
depends on the diameter of the pile. It may be in the range of 10 to 20% of the base 
diameter. When the stage of full mobilization of the base resistance is reached (point 
D in Figure 2.10) the pile plunges downwards without any further increase of load, 
or small increases in load produce increasingly large settlements. 
If strain gages are installed at various points along the pile shaft from which the 
compressive load in the pile can be deduced at each level, the diagrams illustrated in 
Figure 2.11 are obtained, which show the transfer of load from the pile to the soil at 
each stage of loading shown in Figure 2.10. Thus when loaded to point A virtually 
the whole of the load is carried by skin friction on the pile shaft and there is little or 
no transfer of load to the toe of the pile (Figure 2.11a). When the load reaches point 
B the pile shaft is carrying its maximum skin friction and the pile toe will be carrying 
some load (Figure 2.11b). At Point D there is no further increase in the load 
transferred in skin friction but the base load will have reached its maximum value 
(Figure 2.11c). 
The two factors mainly responsible for the vertical load carrying capacity of the pile 
are: (a) the end bearing which is the point or the tip resistance at the base of the pile, 
and (b) shaft friction which is the frictional resistance offered by the pile shaft, as it 
tends to move own into the ground due to the load of the structure on the pile head. 
The ultimate bearing capacity of a pile (Qp) is given by the expression: 
 ܳ௣ ൌ ܳ௕ ൅ ܳ௦ െ ௣ܹ (2.1)
where; 
 Qb: Ultimate resistance of the pile base due to shearing of the soil. 
 Qs: Ultimate value of frictional resistance of the pile shaft. 
 Wp: The weight of the pile. 
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Figure 2.10 :   Load-settlement curve for compressive load to failure on pile 
(Tomlinson, 1994). 
 
Figure 2.11 :   Load transfer from head of pile to shaft (a) At point A on load-
settlement curve, (b) At point B on load-settlement curve, (c) At point D on load-
settlement curve (Tomlinson, 1994). 
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As seen in (2.1), the soil has to carry the weight of the pile itself. However, the 
weight of the pile (Wp) is small in relation to Qp and it is partly compensated by an 
equal volume of soil displaced. For simplification, the two are assumed to balance 
each other and this term is generally neglected. But it is necessary to provide it in 
situations such as piling for marine structure in deep waters, where a considerable 
length of pile extents above the sea bed. 
Thus, the general equation for ultimate pile capacity is as follows: 
 ܳ௨ ൌ ܳ௕ ൅ ܳ௦ ൌ ݍ௕ܣ௕ ൅ ௦݂ܣ௦ (2.2)
where; 
 qb: Unit bearing capacity of the pile base. 
 Ab: Cross-sectional area of the pile base. 
 fs: Average friction resistance per unit area of the pile shaft. 
 As: Surface area of the pile shaft. 
The values of qb and fs may be found by field load tests or calculated from soil 
parameters. These calculations and details according to different soil types will be 
discussed in the next section. 
The approach of Eurocode 7 for the ultimate pile capacity is slightly different. It uses 
different terms and partial safety factors for base resistance and shaft resistance. The 
design bearing capacity of the pile is denoted as Q. The design base resistance is 
expressed as ܳ௕ ൌ ܳ௕௞/ߛ௕ and the design shaft resistance is shown as ܳ௦ ൌ ܳ௦௞/ߛ௦. 
Characteristic resistances ܳ௕௞ and ܳ௦௞ are defined as: 
 ܳ௕௞ ൌ ݍ௕௞ܣ௕ (2.3)
 ܳ௦௞ ൌ ෍ ݍ௦௜௞ܣ௦௜
௡
௜ୀଵ
 (2.4)
where; 
 Asi: Surface area of the pile in soil shaft i. 
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 qbk: Characteristic value of the resistance per unit area of the base. 
 qsk: Characteristic value of the resistance per unit area of the shaft in layer i. 
ߛ௕ and ߛ௦ are the partial safety factors used to calculate the characteristic base and 
shaft resistance values in equations (2.3) and (2.4). ߛ௕ is given in Eurocode as 1.3, 
1.6 and 1.45 for driven, bored and continuous flight augers, respectively, and ߛ௦ is 
given 1.3 both for driven and bored piles. The characteristic values ݍ௕௞ and ݍ௦௞ are 
derived from calculation rules based on established correlations between the results 
of static load tests and the results of field or laboratory soil tests. 
2.3.2. Allowable Loads on Piles 
Allowable pile bearing capacity is another important parameter including the 
calculated bearing capacity of pile. This parameter keeps the calculations within the 
conservative limits. 
A perfect design method for calculating allowable loads would be one which 
predicted the load-deformation curve through all stages from initial loading to the 
point of ultimate failure. From such a predicted curve, the structural designer would 
be able to distribute the load on to the piles to keep the deformation of the structure 
within tolerable limits. The foundation engineer would be able to satisfy himself that 
there was an adequate safety factor on the ultimate resistance to provide a safeguard 
against accidental overloading of the piles, and to allow for variations in the 
properties of the soil. 
Unfortunately, such a design method has not been developed to an extent to which it 
can be generally applied to all types of piles. In the present state of knowledge the 
best that can be done in advance of loading or dynamic tests on full-scale trial piles, 
is to make loading tests on plates set at the bottom of boreholes or test pits. The load-
settlement relationship for the plate is then used to predict the settlement of the pile 
base. Alternatively the base settlement can be calculated from knowledge of the 
deformation properties of the soil or rock obtained from field or laboratory tests. 
However, it is still necessary to calculate the relative proportions of load carried by 
the shaft and the base of the pile. There is no sound theoretical basis for such 
calculations since the mechanism of load-transfer from pile to soil at loads less than 
ultimate is affected by the installation method, in just the same way as the ultimate 
resistances in skin friction and end bearing depend on the installation method. 
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The usual approach to the problem of assessing allowable pile loads is to predict the 
ultimate resistance of the pile from a knowledge of the physical properties of the 
undisturbed soil, and then to apply an arbitrary safety factor to this value to obtain 
the allowable load. The value of the safety factor depends on the variability or 
otherwise of the soil properties, the confidence or lack of confidence of the engineer 
in the empirical methods of predicting the ultimate pile resistance, and the tolerable 
movement of the pile at the working load. 
According to Tomlinson (1994), the experience of a very large number of loading 
tests taken to failure, made on piles of diameters up to about 600 mm and of many 
types both in clays and sands, has shown that if a safety factor of 2.5 is applied, then 
the settlement at the working load is unlikely to exceed 10 mm. However, because of 
the uncertainties already referred to in calculating the ultimate load it is necessary to 
make a loading test on a trial pile of the same type, length and size as the proposed 
for the permanent works, or to make several such tests to confirm that the settlement 
at the working load is acceptable. Preferably these tests should be taken to the stage 
of ultimate failure to establish the real safety factor. In the case of projects involving 
a very large number of piles, economies can be achieved by testing to failure piles of 
varying lengths or of different types in order to determine the most efficient 
combination of pile length, size and installation method. Omission of the preliminary 
test piling is acceptable only in cases where the engineer has previous experience of 
the pile behavior in similar soil conditions. 
The allowable bearing capacity takes into account the pile’s ultimate bearing 
capacity, the materials from which the pile is made, the required load factor, 
settlement, pile spacing, down-drag, the overall bearing capacity of the ground 
beneath the piles and other relevant factors. The allowable pile bearing capacity 
indicates the ability of the pile to meet the specified loading requirements and is 
therefore required to be not less than the specified working load (Tomlinson, 2001). 
2.3.3. Static Methods 
The estimation of bearing capacity of a pile from soil properties applies principles of 
soil mechanics. It has led to the development of a number of static formulae. 
Static methods assess axial load capacities based on soil properties, such as the 
friction angle, Ԅ, or the undrained shear strength, ݏ௨, or on the results of in-situ tests, 
such as the standard penetration test or cone penetration test. The analyses are 
fundamentally more difficult for piles because of the following (Coduto, 1994): 
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• The pile driving process changes the soil properties; thus, soil properties obtained 
from undisturbed samples do not necessarily reflect the post-construction 
conditions. 
• The interaction between the piles and soil are more complex than that for spread 
foundations. 
Although future research may provide more insight, both problems currently 
introduce large uncertainties in the analyses. Nevertheless, these analyses are much 
less expensive than load tests, and thus are useful for the following purposes: 
• To serve as a preliminary analysis for planning a pile load test program. 
• To extend the results of load tests to other pile lengths, diameters and types. 
• To design piles for relatively small or medium-size projects where a conservative 
design is less expensive than a load test. 
2.3.3.1. Piles in Cohesive Soils 
When a pile is driven into a cohesive soil layer such as clay, the soil is displaced 
laterally and in an upward direction, initially to an extent equal to the volume of the 
pile entering the soil. The clay close to the pile surface is extensively remolded and 
high pore-water pressures are developed. In a soft clay layer, the high pore pressures 
may take weeks or months to dissipate. During this time, the skin friction and end 
bearing resistance are only slowly developed as they are related to the effective 
overburden pressure. The soft clay displaced by the pile shaft slumps back into full 
contact with the pile. The water expelled from the soil is driven back into the 
surrounding clay, resulting in a drier and somewhat stiffer material in contact with 
the shaft. As the pore-water pressures dissipate and the re-consolidation takes place, 
the heaved ground surface subsides to near its original level. 
Excess pore water pressures induced by pile driving dissipate much more slowly in 
cohesive soils, so some time must pass before these piles develop their full load 
capacity. Usually, the foundation is loaded slowly as construction of the structure 
progresses, so most of the excess pore water pressures generated during driving 
probably dissipate before the full dead load is applied. Therefore, if we are interested 
only in the dead load capacity, it would be appropriate to base the load capacity 
analyses on the drained strength of the soil. 
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However, most of the foundations are subjected to both dead loads and live loads. 
The application of a live load sometime during the life of the structure causes the pile 
to move down slightly, thus compressing the soil beneath the pile tip and generating 
new excess water pressures. Therefore, when significant live loads are present 
(which includes nearly all practical problems), the end bearing capacity computations 
should be based on the undrained strength of the soil. 
The circumstances controlling the skin friction resistance are different from those 
that control end bearing. Once the pore water pressures induced by pile driving have 
dissipated, the soil will have attained its drained strength. Any additional downward 
movement of the pile does not further compress the soil adjacent to the shaft, so little 
or no new excess pore water pressures develop. Therefore, the drained strength 
controls the skin friction capacity. 
The bearing capacity of piles driven into cohesive soils as clay and clayey silts is 
equal to the sum of the shaft resistance and end bearing resistance. The end bearing 
capacity of piles in cohesive soils should be based on the undrained strength of the 
soil due to the reason that the cohesive soil characteristic does not permit the 
dissipation of excess pore water pressure in a short time. This property leads to the 
fact that the piles develop their full bearing tip capacity after some time but the 
applied live loads with the dead loads cause development of new excess pore water 
pressures so calculations must be done depending on the undrained conditions for 
conservative results. 
The end resistance is given by the equation: 
 ܳ௕ ൌ ݍ௕ܣ௕ ൌ ݏ௨ ௖ܰܣ௕ (2.5)
where; 
 su: Undrained shear strength of soil. 
 Nc: Factor of bearing capacity. 
 qb: Net unit end bearing resistance. 
The bearing capacity factor Nc can be taken as 9 if the pile has been driven at least to 
a depth of five diameters into the bearing stratum. If the pile rests on the bearing 
layer, the value of the bearing capacity factor should not be taken more than 6 
(Toğrol, et al., 2003). The end bearing capacity in clays is generally not a large 
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percentage of the total capacity, so a more complex analysis is not warranted. If the 
soil is saturated clay ሺ߶௨ ൌ 0ሻ, undrained shear strength of soil equals to the 
undrained cohesion of soil ሺݏ௨ ൌ ܿ௨ሻ. 
Although the drained strength conditions control the skin friction capacity, 
performed analyses are based on the empirical correlations with the undrained 
strength; ܿ௨. These correlations implicitly “convert” the undrained strength to the 
drained strength. This technique is widely preferred due to the reason that the 
determination of ܿ௨ by the application of triaxial or by shear test is inexpensive and 
easier when it is compared to the determination of the parameter ܭ଴, the coefficient 
of lateral earth pressure which is required for the calculations in drained conditions. 
This type of undrained condition calculation of skin friction is also known as the “α 
method”, since the unit skin friction resistance is defined by the adhesion factor, α. 
Thus, the skin friction on the pile shaft is given by the equation: 
 ܳ௦ ൌ ௦݂ܣ௦ ൌ ߙݏ௨ܣ௦ (2.6)
where; 
 su: undrained shear strength of soil. 
 ߙ: Adhesion factor. 
 fs: Unit skin friction of the pile shaft. 
The adhesion factor ߙ can either be determined by site pile load tests or by empirical 
graphical relations as a function of ܿ௨. The value of adhesion factor depends on the 
disturbance of soil during the installation of pile and the binding of surrounding soil. 
Hence, the value of this factor is less than 1. As an average value; 
 ߙ ൌ 0.45 ௦݂ ൑ 100 ݇ܲܽ 
The working load for all pile types is equal to the sum of the base resistance and the 
shaft friction divided by a suitable safety factor. As a result allowable bearing 
capacity is obtained: 
 ܳ௔ ൌ
ܳ௕ ൅ ܳ௦
ܨ௦
 (2.7)
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The value of safety factor Fs should be taken no less than 2.5. However, the 
allowable bearing capacity of the pile should be taken more than the value expressed 
by the following equation (Coduto, 1994): 
 ܳ௔ ൌ
ܳ௕
3
൅
ܳ௦
1.5
 (2.8)
2.3.3.2. Piles in Non-cohesive Soils 
During the installation of driven piles on coarse grained soils, the soil is displaced by 
the effect of hammering or jacking. The installation process generates some kind of 
compaction in loose coarse-grained soils. For very loose soils, compaction causes 
depression at the ground surface around the pile as a result of driving. The relative 
density of the soil close to the pile increases due to the vibrations and the lateral 
displacement of itself during pile driving. Thus, the load capacity of the pile 
increases with the improved relative density. The amount of change in the relative 
density is related to the pile type. Piles with large displacement characteristics such 
as closed-end pipe and precast concrete increase the relative density of non-cohesive 
material more than small displacement steel H-pipes or open-end pipe piles. 
For dense coarse grained soils ground heaving can be observed due to very little 
further of compaction. Heaving is the result of the shear failure but the shear 
resistance is very high for dense soils. This high resistance characteristic of soil 
brings out the necessity of heavy driving during penetration in order to be able to 
reach the desired depth. Heavy driving decreases shear resistance of the soil beneath 
the pile toe by deformation of soil particles. Besides it is not advantageous to choose 
driven piles in dense coarse-grained materials due to the possible damages to the 
pile. Their compaction effects in loose or medium-dense coarse grained soils leads to 
high end-bearing resistance different from the bored pile types. Boring causes to 
loosen of coarse material which results in loss of end-bearing capacity. The shaft 
frictional resistance of piles in coarse soils is small compared with the end resistance. 
The full skin friction capacity, “Qs”, develops when the shear stress along the soil-
pile interface exceeds the shear strength (Coduto, 1994). This condition is mobilized 
when 5-10 mm of pile displacement occurs. The shaft resistance Qs is given by the 
following equation: 
 ܳ௦ ൌ ௦݂ܣ௦ ൌ ܭ௦ߪԢ௩௢ೌೡ೐ tan ߜ ܣ௦ (2.9)
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where; 
 Ks: Coefficient of lateral earth pressure. 
 ߪԢ௩௢ೌೡ೐: Average effective overburden pressure. 
 ߜ: Characteristic value of angle of friction between pile and soil. 
The coefficient of lateral earth pressure, Ks, depends on the relative density and state 
of consolidation of the soil, the volume displacement of the pile and its shape. The 
value of Ks related to Ko which is the coefficient of lateral earth pressure in the 
ground before the installation of pile is summarized in Table 2.1. 
Table 2.1: Values of the coefficient of horizontal 
soil stress, Ks (Tomlinson, 1994). 
Installation method Ks/Ko 
Driven piles, large displacement 1.00 to 2.00 
Driven piles, small displacement 0.75 to 1.25 
Bored and cast-in-place piles 0.70 to 1.00 
Jetted piles 0.50 to 0.70 
It is difficult to determine the value of Ko due to the difficulties in determining 
whether the soil is normally or over consolidated. Ko is not constant over the depth of 
the pile shaft. It depends on the relative density of the soil as well as the displaced 
volume of soil. Typical values of Ko for normally consolidated sand are shown in 
Table 2.2. 
Table 2.2: The values of Ks for normally 
consolidated sand (Tomlinson, 1994). 
Relative density Ko 
Loose 0.50 
Medium-dense 0.45 
Dense 0.35 
The value of δ is independent of soil density and can be obtained from laboratory 
shear box tests. According to Kulhawy, the angle of friction, δ, between the pile 
surface and the soil is related to the average effective angle of shearing resistance, ߶ത. 
This relationship in accordance to the pile/soil interface is summarized in Table 2.3. 
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Table 2.3: Values of the angle of pile to soil friction 
for various interface conditions (Tomlinson, 1994). 
Pile/soil interface condition Angle of pile/soil friction, δ 
Smooth (coated) steel/sand 0.5 ߶ത to 0.7 ߶ത 
Rough (corrugated) steel/sand 0.7 ߶ത to 0.9 ߶ത 
Precast concrete/sand 0.8 ߶ത to 1.0 ߶ത 
Cast-in-place concrete/sand 1.0 ߶ത 
Timber/sand 0.8 ߶ത to 0.9 ߶ത 
The base resistance of the pile is given as: 
 ܳ௕ ൌ ݍ௕ܣ௕ ൌ ௤ܰߪԢ௩௢ܣ௕ (2.10)
where; 
 Nq: Bearing capacity factor. 
 ߪԢ௩௢: Effective overburden pressure at the pile base level. 
The bearing capacity factor Nq depends on the ratio of the depth of penetration of the 
pile to its diameter (L/D) and on the angle of shearing resistance of the soil, ߶. 
The ultimate bearing capacity is calculated and is divided by a safety factor to obtain 
the allowable pile capacity. Factor of safety value varies depending on the pile 
diameter, soil compressibility and thus settlement limitations. A pile having a shaft 
diameter of not more than 600 mm has a settlement limitation value of 15 mm. This 
criterion is provided with the safety factor of 2.5.  
In non-cohesive soils, the ultimate bearing capacity of piles can also be determined 
by in-situ test results of Standard Penetration Test (SPT) and static Cone Penetration 
test (CPT). Relative density, angle of shear resistance ߶ is determined by the SPT or 
the CPT in-situ tests. The CPT is the most reliable method due to the fact that it is 
analogous to a pile driven into the ground. Also it is not affected by the drilling 
disturbance. CPT apparatus with the measurement technique can be assumed as a 
model pile simulating the soil displacement to some extent although the volume of 
displaced soil is not exactly the same. The CPT can lead to erroneous results in 
coarse grained soils having cobbles, boulders and gravel. In these conditions SPT is 
chosen. For sands and gravels, the end bearing resistance is defined depending on the 
corrected SPT N values as well as the pile dimension aspect ratio.   
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In the calculation of bearing capacities using static formulae, there are some points to 
be careful about depending on the type of pile. Driven and cast-in-place piles are 
formed by driving a tube into the ground. After reaching to desired penetration depth 
the driven tube is filled with concrete or the tube is withdrawn and the pile shaft is 
filled with concrete. For piles which the tube is left in ground and for precast 
concrete piles shaft resistance is calculated by the static formulas given above in 
equation 2.9, but for the pile types in which the driven tube is withdrawn, it is hard to 
be able to determine whether the pile shaft is in contact with the loose or dense 
material in order to choose the correct soil parameters. Withdrawal of the tube and 
compaction of concrete during placement affect the skin friction value. End-bearing 
calculations for closed end driven tubes are made depending on the base area at the 
pile tip. Bulb effect which is formed at the base of the pile brings out difficulties in 
calculations. Bulb sizes vary depending on the soil type. 
Bored piles are constructed by drilling a pile shaft supported by temporary casing 
with one of those mechanical augers, cable percussion or grabbing rig methods. 
Concrete is then placed while the casing is withdrawn. Bored pile construction 
technique shows the fact that drilling in coarse-grained soil results in loosening of the 
soil even it is in dense or medium-dense condition. Equation 2.9 is used in order to 
calculate the shaft resistance assuming Ks to be 0.7 to 1.0 times Ko which is at rest 
earth pressure coefficient and ߶ value will be representative of loose conditions. For 
the determination of Nq value, peak angle of shearing resistance value is chosen as 
for loose conditions. “Research by Fleming and Sliwinski in 1977 appeared to show 
that the shaft friction on bored piles concreted under bentonite slurry could be 
calculated on the assumption that the ߶ value would correspond to undisturbed soil 
conditions (Tomlinson, 2001). Loose condition approach in calculation of bearing 
capacities of bored piles in coarse grained soils shows that the ultimate bearing 
capacity of bored piles are lower than that of driven type of piles. 
2.3.4. Dynamic Methods 
The estimation of pile load capacity of driven piles using dynamic formula (driving 
formula) is the most frequently used method (Poulos, et al., 1980). Using dynamic 
analysis, the static load capacity of the pile is evaluated depending on the effort 
required to drive the pile. 
The pile driving formulae depend on the empirical relationship between the hammer 
weight, blow count and other factors with the static capacity. Various pile driving 
formulas had been derived based on different approaches. Although these formulas 
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have different formats and all share a common methodology of computing the pile 
capacity based on the driving energy delivered by the hammer (Coduto, 1994). By 
using pile driving formulas, it is possible to calculate the pile capacity just only by 
considering the final blow count. They have wide application areas but on the 
contrary their accuracy is another important discussion topic. 
In all of these formulae, the ultimate load capacity is related to pile set (the vertical 
movement per blow of the driving hammer) and it is assumed that the driving 
resistance is equal to the load capacity of the pile under static loading. They are 
based on an idealized representation of the action of the hammer on the pile in the 
last stage of its embedment. There are a great number of driving formulas available, 
of varying degrees of reliability. Smith (1960) states that the editors of the 
Engineering New Record have on file 450 such formulae. In this research, a 
summary of the most common formulas is given and their reliability is discussed. 
The primary objectives in using a pile-driving formula are usually either to establish 
a safe working load for a pile by using the driving record of the pile, or to determine 
the driving requirements for a required working load. The working load is usually 
determined by applying a suitable safety factor to the ultimate load calculated by the 
formula. This safety factor, however, varies considerably, depending on the formula 
used and the type of pile being driven. Also, because pile driving formulas take no 
account of the nature of the soil, the appropriate safety factor may vary from one site 
to another. 
A relatively recent improvement in the estimation of load capacity by dynamic 
methods has resulted from the use of the wave equation to examine the transmission 
of compression waves down the pile, rather than assuming that a force is generated 
instantly throughout the pile, as is done in deriving driving formulas. The main 
objective in using the wave-equation approach is to obtain a better relationship 
between ultimate pile-load and pile-set than can be obtained from a simple driving 
formula. As well as providing a means of load capacity estimation, this relationship 
allows an assessment to be made of the drivability of a pile with a particular set of 
equipment. Moreover, this approach also enables a rational analysis to be made of 
the stresses in the pile during driving and can therefore be useful in the structural 
design of the pile (Poulos, et al., 1980). 
For all pile driving formulae, the common assumptions that have been mentioned can 
be defined mathematically as follows if it is assumed that no impact or elastic losses 
occurred, and the mechanical efficiency of the hammer were hundred percent 
(Chellis, 1961). 
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 ܴ௨ ൌ
ܹܪ
ܵ
 (2.11)
where; 
 Ru: Ultimate vertical load capacity (resistance) of the pile. 
 W: Weight of hammer. 
 H: Drop of hammer. 
 S: Pile penetration for last blow, or set. 
The dynamic pile driving formula in equation 2.11 is also known as the Sanders 
formula proposed in 1851. The ultimate load capacity is divided by a safety factor F 
in order to obtain the net allowable bearing capacity of the pile. Sanders proposed a 
factor of safety of 8, and Merriman used the same formula with a proposed factor of 
safety of 6. 
• Sanders Formula  
 ܴ௔ ൌ
ܹܪ
8ܵ
 (2.12)
• Merriman Formula 
 ܴ௔ ൌ
ܹܪ
6ܵ
 (2.13)
In actual pile driving conditions, there are energy losses due to efficiency of the 
hammer, impact, elastic compressions of the cap, pile and the soil (Chellis, 1961). 
The effect of energy losses are reflected to the formulae through different empirical 
correction factors (Coduto, 1994). The assumptions based on those correction factors 
for the energy loss definition brings out several different pile driving formulae. Hiley 
added the actual energy losses and efficiency factors to the Sanders’ formula: 
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• Hiley formula 
 ܴ௨ ൌ
௙ܹ݁ܪ
ܵ ൅ 1 2ൗ ሺܥଵ ൅ ܥଶ ൅ ܥଷሻ
·
ܹ ൅ ݊ଶ ௣ܹ
ܹ ൅ ௣ܹ
 (2.14)
where; 
 ef: Efficiency factor for hammer. 
 C1: Temporary elastic compression allowance in the pile head and cap. 
 C2: Temporary elastic compression allowance in the pile. 
 C3: Temporary elastic compression allowance in the soil. 
 n: Coefficient of restitution (elasticity). 
 Wp: Weight of the pile. 
As mentioned before, different assumptions lead to different dynamic analysis 
formulas. These assumptions can be given as follow; 
If it is assumed that there are no elastic losses in the cap or soil quake and the 
hammer is mechanically hundred percent efficient thus ef = 1; and solve for Pa which 
is the net allowable vertical load capacity, the universal or Stern formula is obtained. 
If the impact is assumed to be perfectly inelastic instead of semi-elastic, which 
means the “n” value is equal to zero (n = 0), the Redtenbacher formula is obtained. 
But for the case in which the impact loss is entirely neglected then the Weisbach 
formula is formulated. Pacific Coast Uniform Building Code formula bases on the 
following statements as  the hammer is assumed to be mechanically hundred percent 
efficient, twice the average elastic loss is used taking into account the full length of 
the pile appointed and finally fixed values are selected for n. 
By taking the Hiley formula and assuming that the mechanical efficiency is hundred 
percent (ef = 1.0), that the impact is perfectly inelastic (n = 0) and that there are no 
elastic losses in the cap, pile or soil the Dutch formula is obtained (Chellis, 1961): 
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• Dutch formula    
 ܴ௨ ൌ
ܹܪ
ܵ
·
ܹ
ܹ ൅ ௣ܹ
 (2.15)
Most commonly used pile driving formula is Engineering News Formula which was 
derived by Wellington in 1888 (Chellis, 1961). 
• Engineering News formula   
 ܴ௨ ൌ
ܹܪ
ܵ ൅ ܥ
 (2.16)
In the Hiley formula the impact loss is entirely neglected, and the mechanical 
efficiency is taken as hundred percent. If the elastic losses in the cap, pile, and soil 
represented by a constant term of 1.0, The Engineering News formula is obtained. 
Other earlier modifications of the Engineering News formula can be given as 
follows: Michigan Highway Department, Vulcan Iron Works formula, United States 
Steel formula, Bureau of Yards and Docks formula and finally the Benabencq 
formula (Coduto, 1994). 
The dynamic pile driving formulas are widely used in practice applications for 
centuries by engineers in order to determine the pile capacity. In spite of their 
common use, the accuracy of formulas has been discussed for years. Cummings was 
the first in 1940 who described the shortcomings of them. Basically, the dynamic 
formulas are inaccurate due to their over-simplicity in modeling the hammer, driving 
system, pile, and soil. In the following years, Terzaghi and Peck (1942) had also 
emphasize the weaknesses of driving formulas and based their claims upon the 
comparisons between pile load tests and capacities predicted by pile driving formulas 
by which the inaccuracies have clearly been demonstrated. 
The fundamental application of analysis of pile driving (dynamic analysis) is based 
on the Newton’s theory of rigid-body impacts and the principle of conservation of 
energy. This approach has been accepted and used widely with practitioners due to 
its simplicity of application. The main shortcoming of the formulas are the 
difficulties in considering the energy losses accurately in a real pile driving process 
(Coduto, 1994) as well as with the application of Newton’s theory to impacts 
produced by pile driving hammers. Pile driving is not a simple problem of impact 
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that may be solved directly by Newton’s laws. Rigid-body assumption considers a 
pile structure as a rigid body at all. Thus the flexibility of pile is neglected.  
Pile driving is a complex process involving the use of various types of hammers, cap 
blocks, pile caps, cushion blocks along with the use of different pile types and 
elastic-plastic behavior of the ground associated with other problems in soil 
mechanics. As a result of these difficulties, all pile-driving formulas are partly 
empirical and consequently can be applied only to certain types or lengths of piles 
(Smith, 1960). The pile, hammer, and soil type combination used in the generation of 
dynamic formulas can be different from the one as those in the field where it is 
applied. This is the major probable reason for the inaccuracies in the original 
Engineers News Formula due to the reason that the formula designed only to serve 
for timber piles driven with drop hammers.  
The second reason that contributes to the inaccuracy of the formulas is the freeze 
effect that is not considered. Briefly, the freeze effect can be defined as the 
temporary loss of bearing capacity piles driven into saturated clays because of the 
produced excess pore water pressure. After some time, as the excess porewater 
pressure dissipates, bearing capacity of pile returns. This process is known as freeze 
or setup. Thus the dynamic formula gives the prefreeze capacity of piles. Besides 
these, the hammers do not always operate at their rated efficiencies also the energy 
absorption properties of cushions can vary significantly.  As mentioned before the 
formulas do not account for flexibility in the pile and there is no simple relationship 
between the static and dynamic strength of soils as it is considered to be so. Other 
most important point is the high factor safety values used in formulas bearing 
suspects about their accuracies. Finally they do not provide any information about 
the drivability of pile. As a result of these many difficulties, the necessity of an 
alternative dynamic analysis method is turned out which is the wave equation 
analysis. 
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3. NON-DESTRUCTIVE PILE TESTING METHODS 
The non-destructive testing (NDT) methods are developed and utilized by the use of 
geophysics. Geophysics is the science of applying the principles of physics to 
investigations related to the structure and properties of the earth. It has been said that 
geophysics essentially is the measurement of contrasts in the physical properties of 
materials beneath the surface of the earth and an attempt to deduce the nature and 
distribution of the materials responsible for these observations. Geophysical 
exploration has been utilized in numerous fields to study a wide range of targets 
within the earth from discovering the deep structure of the earth at thousands of 
meters to near surface structures and properties at depths of a few tens of meters. 
Some of the latest geophysical technologies are targeted at studying engineered 
material, such as pavements and bridge decks at only a few centimeters depth. 
Geophysical surveys are conducted on the ground surface, within drill holes, and 
from the water and air. 
The advantages and limitations of the subsurface characterization provided by 
geophysical exploration methods are known as follows: 
• They allow nondestructive investigation below the surface of the ground, 
pavement, bridge deck, or other structure. 
• They provide information between and below the standard geotechnical borings. 
• They allow collection of data over large areas in very much shorter times than 
most destructive methods. 
• They cost less per data point than most invasive methods. 
• They can offer accurate and timely information for design quality and 
performance. 
Although geophysical methods provide the above advantages, it is important to 
remember that the information obtained in geophysical surveys is often subject to 
more than one reasonable interpretation. Also, depending on specific site-conditions 
such as geology, target dimensions, and the engineering problem to be investigated, a 
combination of methods or techniques may be utilized in a given investigation. In 
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other words there is no one, unique interpretation to a set of geophysical data. Also 
more than one method may be used to solve a particular engineering problem. 
Therefore, it is recommended that before conducting any geophysical investigation, 
as much knowledge as possible be obtained about the target and site. For subsurface 
characterization for example, this can be accomplished by obtaining geotechnical, 
geological, hydrological, or other investigative reports. Boring logs, which are 
normally included in these technical reports, can be extremely valuable if the borings 
were performed in the vicinity of the site. 
The NDT techniques have been used for many years to provide quality control of 
construction procedures for drilled shafts and driven concrete piles. In particular, two 
main pile integrity test methods, which are sonic echo and impulse response methods 
have been used extensively to check lengths and continuity of newly-installed pile 
foundations. In recent years, the need to evaluate conditions of in-service foundations 
has arisen as a result of rehabilitation studies of existing structures. 
Non-destructive testing of piles has gained increased acceptance for various 
purposes, e.g., quality control/quality assurance, verification of existing conditions, 
and quantification of dimensions. The correct use of this technique can greatly 
simplify investigation, and can be economical in addressing concerns or questions on 
pile conditions. Equally, its incorrect use can cause controversies, delays, and/or 
create adverse reputation for the technology (Non-Destructive Testing of Piles Using 
the Low Strain Integrity Method, 2004). 
Non-destructive tests that are used for the determination of the unknown depth of 
foundations usually involve seismic methods and are often called small strain tests. 
The term “small strain test” is used to describe tests where a small seismic energy 
source, such as a hammer, is used to generate the seismic waves. 
Non-destructive testing techniques used to evaluate deep foundations can be 
classified into two main groups and they are summarized with their application 
techniques in Table 3.1. 
• Direct transmission methods 
• Surface reflection methods 
The NDT methods can also be classified according to their application areas. Most 
commonly used test methods and their applications to geotechnical engineering 
problems are listed in Table 3.2. 
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Table 3.1: Several NDT techniques and their methods (Wightman, et al., 2003). 
Application Method NDT Solution 
Direct Transmission Method Parallel Seismic (PS) 
Crosshole Sonic Logging (CSL) 
Single Hole Sonic Logging (SSL) 
Surface Reflection Method Sonic Echo (SE) 
Impulse Response (IR) 
Table 3.2: Several NDT methods and their applications (Wightman, et al., 2003). 
Application Area NDT Solution 
Depth of foundations Sonic Echo (SE) 
Impulse Response (IR) 
Parallel Seismic (PS) 
Integrity testing of foundations Sonic Echo (SE) 
Impulse Response (IR) 
Crosshole Sonic Logging (CSL) 
Single Hole Sonic Logging (SSL) 
3.1. Direct Transmission Methods 
In direct transmission NDT methods, the waves are directly transmitted and 
measured by the receivers. The most common direct transmission method used to 
evaluate in-service deep foundations is the parallel seismic test. In this chapter, the 
application of each method to specific engineering problem, the basic concept for 
each method, field data acquisition, processing and interpretation are described. 
Three different direct transmission methods, which are parallel seismic (PS), 
crosshole sonic logging (CSL), single hole sonic logging (SSL), are explained and 
also their advantages and limitations are discussed. 
In the parallel seismic method, the direct transmission time of compression waves 
generated at the top of a foundation element are measured by a hydrophone in a 
water-filled borehole adjacent to the deep foundation.  
3.1.1. Parallel Seismic (PS) 
The parallel seismic (PS) method is a borehole test method for determining depths of 
foundations. The method can also detect major anomalies within a foundation as well 
as providing the surrounding soil velocity profile. The method requires the 
installation of cased borehole close to the foundation being tested. The method can 
be used when the foundation tops are not accessible or when the piles are too long 
and slender (such as H piles or driven piles) to be testable by sonic echo techniques.   
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PS method involves hammer impacts at any part of the exposed structure that is 
connected to the foundation (or impacting the foundation itself, if accessible). A 
hydrophone or a three-component geophone located in a nearby borehole records the 
compression and/or shear waves traveling down the foundation. Therefore, the PS 
test requires drilling a 5 to 10 cm diameter hole as close as possible to the foundation 
being tested (preferably within 1.5 m). The borehole should extend at least 3 to 5 m 
below the expected bottom of the foundation. If hydrophones are used, the hole must 
be cased, capped at the bottom, and the casing and the hole filled with water. For 
geophone use, the hole must usually be cased and grouted to prevent the soil from 
caving in during testing. The field setup for parallel seismic tests is shown in Figure 
3.1. 
 
Figure 3.1 :   Parallel seismic survey setup (Wightman, et al., 2003). 
PS tests can be performed on concrete, wood, masonry, and steel foundations. Some 
portion of the structure that is connected to the foundation must be exposed for the 
hammer impacts (Wightman, et al., 2003). 
In a PS test, a hammer strikes the structure, and the response of the foundation is 
monitored by a hydrophone or a geophone receiver placed in the borehole. A signal 
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analyzer records the hammer input and the receiver output. The receiver is first 
lowered to the bottom of the hole, and a measurement is taken. Then, the receiver is 
moved up 30 or 60 cm, and the second measurement is made. This process is 
continued until the receiver has reached the top of the boring. 
The parallel seismic method is more accurate and more versatile than other 
nondestructive surface techniques for determining unknown foundation depths. The 
accuracy of the method depends on the variability of the velocity of the surrounding 
soil and the spacing between the borehole and the foundation element. Depths are 
normally determined with 95% accuracy or better. 
A borehole is needed for parallel seismic tests, which adds to the cost of the 
investigation (unless borings are also required for other geotechnical purposes). The 
borehole should be within 1.5 m of the foundation, which sometimes cannot be 
achieved. Note that for very uniform soils (such as saturated sands), a successful test 
can be performed with up to 4.5 to 6 m spacing between the source and the borehole. 
As the borehole moves away from the foundation, interpretation of the PS data 
becomes more difficult, and the uncertainty in the tip depth determination becomes 
greater (Wightman, et al., 2003). 
3.1.2. Crosshole Sonic Logging (CSL) 
The Crosshole Sonic Logging (CSL) method is developed for integrity testing of 
concrete foundations, such as drilled shafts, slurry walls, and auger cast piles. This 
cross-hole logging technique is performed using water-filled PVC or steel access 
tube pairs. 
The CSL method was developed in the mid 1980's for quality assurance of drilled 
shaft foundations, slurry walls and seal footings. The CSL method relies on direct 
transmission of sonic/ultrasonic waves between access tubes placed in a drilled shaft 
prior to concrete placement. 
Crosshole Sonic Logging uses high frequency compression sonic waves as the 
energy source. The sonic source produces an impulse whose frequency content is 
usually 30 to 40 kHz. Sonic waves passing through concrete are influenced by the 
density and elastic modulus of the concrete. Fractured or “weak” concrete zones 
lower the velocity of the sonic waves and, therefore, can be detected. In addition, the 
amplitude of a seismic pulse is affected by these defects although this is not 
extensively used at the present time. The frequency content of the seismic energy 
pulse determines the resolution and penetration of the signal. High frequencies have 
42 
high amplitude attenuation but can image small targets. Conversely, lower 
frequencies have less attenuation but image larger targets. 
In Figure 3.2, three sets of instruments for the CSL testing system are shown. 
 
Figure 3.2 :   Crosshole Sonic Logging instruments. (a) InfraSeis, Inc., (b) Olson 
Instruments, Inc., and (c) GeoSciences Testing and Research, Inc. (Wightman, et 
al., 2003). 
The basic CSL test setup is illustrated in Figure 3.3. Steel or PVC access tubes must 
be attached to the inside of the reinforcing rebar cage prior to the concrete placement 
and be filled with water. At least two schedule 40 access tubes, usually having a 
inside diameter of 50 mm, are required. Special care must be taken when installing 
access tubes to avoid debonding between the concrete and the tubes. Poor bonding 
between access tubes and concrete can cause complete signal loss. One of the tubes 
is used for the transmitter and the other for the receiver probe. The transmitter and 
receiver probes can be oriented such that the path between them is horizontal (zero 
offset, as seen in figures 19 and 21) or with some offset. Zero offset logging is called 
standard Crosshole Sonic Logging. Readings are taken at regular 6 cm intervals 
down the shaft while maintaining the same offset. Defects are observed as a 
reduction in the travel time of the seismic wave from the transmitter to the receiver. 
It is important that the tubes are vertical, and that the distance between them is 
constant for their entire length so that seismic travel time differences do not result 
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from these distance differences rather than defects in the concrete. In addition, 
unrecognized distance differences in the distance between tubes may result in false 
interpretations of defects. 
Other variations in the geometric configuration are also used. These include the 
source and receiver lowered into the same tube, or a source and multiple receivers 
lowered into separate holes. The most commonly used configuration is the one 
described above. 
 
Figure 3.3 :   Crosshole Sonic Logging method with various kinds of defects. 
(Blackhawk GeoServices, Inc.) (Wightman, et al., 2003). 
CSL allows for accurate characterization of soil intrusions or other anomalies 
throughout the shaft inside the rebar cage (between the tubes). Several levels of 
defects can be detected by this method with high precision. It can be used to identify 
young (heavy retarted) un-cured concrete. 
The received data must plotted and presented such that any defects in the shaft are 
clearly observed. If only two access tubes are available and only one offset between 
the transmitter and receiver is used, then anomalies may exist anywhere between the 
two tubes. It is then difficult to determine the geometry and exact location of the 
anomaly with respect to the tube location. However, if data are collected with several 
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different offsets between the transmitter and receiver, then a more definitive location 
can be given for any anomalies. Figure 3.4 shows another CSL test setup with 
common defects also illustrated. 
 
Figure 3.4 :   A typical crosshole sonic logging test set-up. (Olson, et al., 1998) 
The number of access tubes per drilled shaft is dependent on the diameter of the 
shaft, typically 1 tube per 30 cm of diameter, and the tubes are installed around the 
perimeter of the shaft and tied to the inside (or outside) of the cage of the shaft. The 
tubes are usually 38 to 50 mm inside diameter schedule 40 steel or PVC pipe. Tube 
debonding from the surrounding concrete can occur at an earlier time in PVC tube as 
compared to steel tubes. Most State DOT’s specify that CSL tests be performed in 10 
days or less after concrete placement for PVC tubes and in 45 days or less for steel 
tubes to avoid problems associated with tube debonding. 
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To perform a CSL test, two probes (hydrophones) are lowered to the bottom of two 
access tubes, and are retrieved to the top of the shaft while CSL measurements are 
taken approximately every 50 mm. The ultrasonic wave pulser is controlled by a 
distance wheel to trigger the transmission of waves at preselected vertical intervals. 
Automatic scanning of the collected records produces two plots, time (or velocity) 
and energy, versus depth. Anomalies and defects between tested tubes are manifested 
by time delays (or velocity decreases) and energy drops in the scanned CSL plot. 
Concrete velocities are calculated by simply dividing the distance between the two 
tubes by the time required for the wave to travel from the source hydrophone to the 
receiver hydrophone. 
3.1.3. Single Hole Sonic Logging (SSL) 
The single hole sonic logging (SSL) method is developed for integrity testing of 
concrete foundations in water-filled PVC or steel access tubes. SSL method 
measures the speed of a sonic pulse around a single water-filled access tube to 
provide quality assurance of concrete placement. The method is particularly suited to 
small-diameter piles that penetrate rockfill with large cavities and are then socketed 
into rock. It is also suitable for small- diameter piles where the installation of two 
tubes may be impractical. The method can also be used to confirm CSL defects and 
for confirmation of debonded conditions between an access tube and the surrounding 
concrete. The probe consists of a transmitter and a receiver, as illustrated in Figure 
3.5. 
A single water-filled tube is required for the instrument. Similar to sonic logging in 
boreholes, this method measures the refracted arrival time between a sonic 
transmitter and receiver probe as a function of logging depth interval of typically 
6 cm. 
Generally, the method should be run after the concrete has been allowed to set for 
about six days. As reported by J.M. Amir in the piletest.com website, this method 
was tested in both steel and PVC-cased tubes and it was found that the PVC tube 
worked best. The steel tube prevented the wave from exiting the tube because of its 
high velocity. Tube diameter was also investigated using two tubes having diameters 
of 40 and 50 mm. It was found that the smaller tube filters noise more effectively and 
facilitates processing of the signal. In investigating probe separation, it was found 
that increasing the probe separation enhanced the anomaly. As expected, the 
detection range for the system depends on the size of the defect. A 50% reduction in 
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signal may be observed even when the defect is only 30 mm high, providing it 
surrounds the tube. 
 
Figure 3.5 :   Single hole sonic logging instrument (Wightman, et al., 2003). 
The method can be used to confirm CSL defects and for confirmation of debonded 
conditions between an access tube and the surrounding concrete. Access tubes must 
be installed prior to concrete placement and special care must be taken to avoid tube 
debonding between concrete and the tubes. No signal is obtained in the tube 
debonding zone. 
SSL can only detect defects within centimeters of the access tubes. SSL does not 
define the depth extent of anomalies as accurately as CSL. It cannot be used to detect 
shaft bulbing (increase in diameter); although this can easily be checked by the Sonic 
Echo (SE)/Impulse Response (IR) tests. 
3.2. Surface Reflection Methods 
In surface reflection methods, the test is applied from the accessible surface of the 
foundation element. Therefore, the foundation structure is used directly as the 
medium for the transmission of the acoustic energy. 
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For these tests, stress waves are generated at the surface of a deep foundation, for 
example, a concrete drilled shaft, by means of a hammer impact. These stress waves 
travel the length of a shaft and reflect from impedance changes at depth, such as 
defects and the shaft toe. The reflections are sensed at the surface with a transducer, 
either a geophone or an accelerometer. 
The most common surface reflection methods include the sonic echo and impulse 
response tests. These tests together are also called as the pile integrity test. For these 
tests, compression waves are generated at the surface of a concrete drilled shaft, pile 
or pier by means of a hammer impact, and reflections are received at the surface with 
a transducer (geophone or accelerometer). Several other NDT methods exist in 
practice today, including sonic logging, gamma-gamma logging, ground radar, and 
resistivity (Finno, 1997). 
The non-destructive integrity tests mentioned in this chapter utilize the stress wave 
theory and wave equation analysis. The concept of stress wave theory, as well as the 
automatical signal matching process which is used in this study will be discussed in 
detail in the next chapter. 
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4. STRESS-WAVE THEORY AND INTEGRITY TESTING 
Wave equation analysis is based on the theory of propagation of one-dimensional 
stress-wave in a long slender rod. For simple boundary conditions as it is in a free 
rod situation the wave equation can be solved by analytical methods (theoretical 
methods) but for more complex boundary conditions as it is in the real life 
applications numerical solution is required in order to solve the wave motion. 
4.1. Introduction History of Stress-Wave Theory 
In the 1860’s a Frenchman, A.J.C Barre de Saint Venant was the first who had 
applied the principles of conservation of mass and momentum to the water flow in an 
open channel. The application had been resulted in two quasi-linear differential 
equations. Saint Venant again had been the first who derived a theoretical solution 
which is known as the method of characteristics. 
The method had started to be applied to pile driving studies in the 1930’s around the 
world. Isaacs the Australian engineer was the first who used the wave equations for 
modeling the pile driving analysis (Middendorp,Verbeek, 2004). In the following 
years in 1940 Cummings published a paper defining the superiority of the stress-
wave analysis over the dynamic analysis based on dynamic formulas derived with 
the Newtonian law of impact energy. Karl Terzaghi, in 1943 provides an extensive 
discussions on the “phenomena of wave propagation which occurs in a pile after it 
has been struck by a falling hammer” and the application of “the theories of 
longitudinal impact on piles” for rational analysis (Hussein, et al., 2004). 
Wave equation solution based on the method of characteristics originally has been 
developed for the propagation of one dimensional stress wave through a free rod. 
Method does not take account of the friction and resistance where it is valid for real 
physical conditions. But for a real pile driving situation the shaft friction or toe 
resistance factors are in question. 
Between the years from 1956 to 1974 different solution models have been proposed 
in order to incorporate the toe resistance and the characteristics method have also 
been extended by formulating the theoretical solution for the shaft friction. As the 
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boundary conditions get complex; as getting far from the ideal conditions; analytical 
(theoretical) solution methods become insufficient. If the shaft friction for piles is 
assumed to be depending on the velocity or displacement, then there occurs the 
necessity of numerical integration of the differential equation. 
In 1960’s Edward A. L. Smith produced the first general solution for the practical 
application of stress wave theory to piles. Smith has been interested in finding a way 
to predict pile drivability more effectively than the currently used methods. Smith 
formulated a numerical solution using discrete elements with the finite difference 
equations. For this purpose the pile have been modeled by the series of point masses, 
springs and dash–pots in order to represent the pile, shaft friction and toe resistance 
combination. This model is known as the Smith’s Model or as the Lumped Model. 
Model details will be discussed in the following section as the theoretical 
background. Smith’s work is generally considered to be the first application of digital 
computers in a civilian engineering application, and his landmark paper in 1960 is 
among the classics in the engineering literature. Smith’s model, methodology, and 
terminology as a whole called as the wave equation are still the basis for modern 
wave equation analysis. 
In the same years different approaches were developed for the analysis of a pile 
under impact. Alternatively to the Smith’s discrete model , Donnell-de Juhasz have 
developed a graphical method solution of the wave equation. The Juhasz’s method of 
characteristics is more exact for ideally elastic, continuous systems. However, it is 
more difficult to apply to the pile capacity problem due to the difficulty of including 
a realistic soil, hammer and driving system model. 
Starting in the 1950’s, the application of stress-wave analytical methods for the 
analysis of pile driving started to be used in the petroleum industry for large fixed 
offshore platforms in deep water. Thus, the wave equation computer analysis 
programs were initially applied to evaluate the drivability of offshore piles. Today, 
pile dynamic pile testing is routinely performed as an integral part of offshore pile 
installation for assessments of hammer driving system performance, pile driving 
stresses and structural integrity as well as with the soil resistance and pile load 
bearing capacity (Hussein, et al., 2004). 
One dimensional elastic wave studies leads back to 1910’s when the early 
experimental investigators devised simple apparatus in order to be able to analyze the 
stress-time duration of traveling waves. In 1914 Bertram Hopkinson was the first 
who had designed the Hopkinson’s Bar which consists of a cylindrical steel bar 
several feet in length an d about one inch in diameter suspended in a horizontal 
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position by threads (Hussein, et al., 2004). In 1948, the electronic type of this bar is 
invented by R.M Davies for study of stress-wave propagation. Davies’ experiments 
measured the shape and duration of the traveling stress-wave and confirmed 
predictions based on the earlier theories of elasticity (Hussein, et al., 2004). 
In 1938 W.H. Glanville in England, had measured the strains occurred in concrete 
piles by using the strain measurement device (bonded wire strain gages) during 
driving. In this way, tension cracking occurred on concrete piles had been studied. 
As such Glanville is the pioneer of the Pile Driving Analyzer (PDA). With the 
development of the bonded resistance strain gage in the years between 1938 and 
1957 several measurements had been performed. In 1960 studies concerning the pile 
driving hammer performance measurements was performed. The main purpose was 
to evaluate hammer performance by measuring the energy transmitted to the pile 
(Hussein, et al., 2004). Force and acceleration measurements were taken at the pile 
top. It was the first time that the acceleration, force and motion was measured during 
pile driving. 
The improved measurement techniques covering the force and acceleration 
measurements at the pile top made possible the development of different analysis 
methods. The first developed analysis technique assumes the pile and the total 
driving system as a single rigid body and Newton’s Second Law can be applied at the 
instant of zero velocity but in order to be able to evaluate the soil response and the 
pile capacity the original method had been improved to represent the pile as an 
elastic rod. Elastic rod assumption takes into consideration the propagation of stress-
wave along the total length of the driven pile. This solution could be applied and 
solved in real time for each hammer blow by special purpose analog electronic 
equipment. Results had been obtained, giving instantaneous answers for the capacity 
at the time of testing. By the mid 1970’s with the advent of digital computation, 
improved analysis methods became available to improve the accuracy of the capacity 
prediction. While the initial goals were to evaluate pile capacity, it became apparent 
that pile driving stresses, pile integrity and hammer performance questions could be 
assessed by using stress-wave theory based analysis methods. Finally the application 
of stress-wave theory to piles becomes complete with the low-strain integrity testing 
methods.  
51 
4.2. Theoretical Background 
A disturbance (modeled as an incident wave), is introduced to the pile, when a 
hammer loads a foundation pile during driving or testing. On account of 
discontinuities in the pile and interactions with the surrounding soil, reflected waves, 
which are traveling in the opposite direction to the incident wave, are also 
introduced. The incident and reflected waves, and any following reflections, interfere 
all the way through the length of the pile. This process can be compared numerically 
to one-dimensional wave theory (Klingmuller, 1996). 
4.2.1. Wave Types 
When a stress is applied suddenly to the surface of a solid, the disturbance that is 
generated travels through the solid as stress waves, which are analogous to sound 
waves traveling through air. There are three primary modes of stress wave 
propagation through isotropic, elastic media: dilatational, distortional, and Rayleigh 
waves. Dilatational and distortional waves, which are commonly referred to as 
compression and shear waves, or P- and S-waves, are characterized by the direction 
of particle motion with respect to the propagation direction of the disturbance, or the 
wave front. In a P-wave, particle motion is parallel to the propagation direction; in 
the S-wave, particle motion is perpendicular to the propagation direction. A P-wave 
is associated with normal stress, while an S-wave is associated with shearing stress. 
P-waves can propagate in all types of media; S-waves can propagate only in media 
with shear stiffness, that is, in solids. A Rayleigh wave, also called a surface wave or 
R-wave, propagates along the surface of a solid, and particle motion is retrograde 
elliptical. 
The wave front defines the leading edge of a stress wave as it propagates through a 
medium. There are three idealized types of wave fronts: planar, spherical, and 
cylindrical. The shapes of the P-, S-, and R-wave fronts depend on the characteristics 
of the source used to generate the waves. For example, when the stress waves are 
generated by impact at a point on the surface of a solid, the resulting P- and S-waves 
travel into the solid along hemispherical wave fronts, and the R-wave travels away 
from the impact point along a cylindrical wave front. 
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4.2.2. Wave Velocity 
In most applications of stress wave propagation, the input is a pulse of finite duration 
and the resulting disturbance propagates through the solid as transient waves. The 
propagation of transient stress waves through a heterogeneous bounded solid, such as 
a structural concrete member, is a complex phenomenon. A basic understanding of 
the relationship between the physical properties of a material and the wave speed can 
be acquired from the theory of wave propagation in infinite, isotropic, elastic media. 
In infinite elastic solids, the P-wave speed, ܥ௣, is a function of Young’s modulus of 
elasticity, E, the density, ߩ, and Poisson’s ratio, ݒ: 
 ܥ௣ ൌ ඨ
ܧሺ1 െ ݒሻ
ߩሺ1 ൅ ݒሻሺ1 െ 2ݒሻ
 (4.1)
In bounded solids, such as thin plates or long rods, P-wave speed can vary depending 
on the lateral dimensions of the solid relative to the component wavelength(s) of the 
propagating wave. For rod-like structures, such as piles, P-wave speed is independent 
of Poisson’s ratio if the rod diameter is much less than the wavelength(s) of the 
propagating wave. In this case, the P-wave speed is called the bar-wave speed, ܥ௕, 
and is given by the following equation: 
 ܥ௕ ൌ ඨ
ܧ
ߩ
 (4.2)
For a Poisson’s ratio of 0.2, a typical value for concrete, the P-wave speed in an 
infinite solid is 5% higher than the bar-wave speed in a long thin rod. 
The S-wave speed, ܥ௦, in an infinite solid is given by the following equation: 
 ܥ௦ ൌ ඨ
ܩ
ߩ
 (4.3)
where; 
 G: Shear modulus of elasticity. ܩ ൌ ܧ/2ሺ1 െ ݒሻ 
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A useful parameter is the ratio, ߙ, of the S- to P-wave speeds: 
 ߙ ൌ
ܥ௦
ܥ௣
ൌ ඨ
ሺ1 െ 2ݒሻ
2ሺ1 െ ݒሻ
 (4.4)
For a Poisson’s ratio of 0.2, ߙ is 0.61. 
4.2.3. Reflection and Refraction 
When a P- or S-wave front is incident on a boundary between dissimilar media, 
“specular” reflection occurs. (The term specular reflection is used since the reflection 
of stress waves is similar to the reflection of light by a mirror.) As shown in Figure 
4.1A, stress waves can be thought of as propagating along ray paths. The geometry 
of ray reflection is analogous to that of light rays, that is, the angle of reflection of 
any ray is equal to the angle of incidence, ߠ, for that ray. 
At a boundary between two different media only a portion of a stress wave is 
reflected. The remainder penetrates into the underlying medium (wave refraction). 
The angle of refraction, ߚ, is a function of the angle of incidence, ߠ, and the ratio of 
wave speeds, C2/C1, in the different media, and is given by Snell’s law: 
 sin ߚ ൌ
ܥଶ
ܥଵ
ൌ sin ߠ (4.5)
Unlike light waves, however, stress waves can change their mode of propagation 
when striking a boundary at an oblique angle. Depending on the angle of incidence, a 
P-wave can be partially reflected as both P- and S-waves and can be refracted as both 
P- and S-waves. Since an S-wave propagates at a lower speed than a P-wave, it will 
reflect and refract at angles (determined using Snell’s law), ߠ௦, and ߚ௦, that are less 
than the angles of reflection and refraction for a P-wave, as shown in Figure 4.1B. 
The relative amplitudes of reflected waves depend on the mismatch in specific 
acoustic impedances at the interface, the angle of incidence, the distance of an 
interface from the pulse source, and the attenuation along the wave path. The 
influence of each of these factors is considered in the following discussion. 
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Figure 4.1 :   The behavior of a P-wave incident on an interface between two 
dissimilar media: (A) reflection and refraction; (B) mode conversion (Carino, 2004). 
The portion of an incident ray of a P-wave that is reflected at an interface between 
two media depends on the specific acoustic impedances of each medium. The 
specific acoustic impedance, Z, of a medium is 
  ܼ ൌ ߩܥ௣ (4.6)
Specific acoustic impedance values for P-waves in selected materials are given in 
Table 4.1 is also valid for S-waves if the S-wave speed is used to calculate specific 
acoustic impedance. 
The amplitude in a reflected ray is maximum when the angle of incidence of the ray 
is normal to the interface. For normal incidence, the amplitude of the reflected ray 
relative to the amplitude of the incident ray can be determined using equation (4.7). 
 ܴ௡ ൌ
ܼଶ െ ܼଵ
ܼଶ ൅ ܼଵ
 (4.7)
where; 
 Rn: the reflection coefficient for normal incidence. 
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 Z1: the specific acoustic impedance of medium 1. 
 Z2: the specific acoustic impedance of medium 2. 
Table 4.1: Specific acoustic impedances (Carino, 2004). 
Material 
Density 
(kg/m3) 
P-Wave Speed
(m/s) 
Specific Acoustic 
Impedance(kg/m2s) 
Air  1.205  343  0.413 
Concrete*  2300  3000-4500  6.9-10.4 x 106 
Granite  2750  5500-6100  15.1-16.8 x 106 
Limestone  2690  2800-7000  7.5-18.8 x 106 
Marble  2650  3700-6900  9.8-18.3 x 106 
Quartzite  2620  5600-6100  14.7-16.0 x 106 
Soil  1400-2150  200-2000  0.28-4.3 x 106 
Steel  7850  5940  46.6 x 106 
Water  1000  1480  1.48 x 106 
 
*  The density of concrete depends on the mixture proportions, the 
relative densities of the mixture ingredients, and moisture content. The 
given density is a typical value for ordinary normal density concrete. 
If Z1 is greater than Z2, Rn is negative, indicating that the reflected wave will have the 
opposite sign, that is, a phase change occurs. This means that the stress changes sign. 
For example, if the stress in an incident P-wave is compressive, the stress in the 
reflected P-wave is tensile. If Z2 is greater than Z1, no phase change occurs. 
For incident angles other than normal to an interface, the reflection coefficients 
depend on the angle of incidence, and they can be determined using the formulas in 
Krautkramer and Krautkramer, which are applicable for plane waves (wave front is a 
plane) incident on plane boundaries. The formulas in Reference 8 were used to 
calculate the P-wave reflection coefficients for a concrete/air interface, which are 
shown in the upper left of Figure 14.2. It is assumed that the incident wave has 
amplitude equal to unity. A similar figure can be constructed for an incident S-wave. 
Figure 4.2 is composed of three graphs. The graph in the upper left gives the 
reflection coefficients, Rp, for the reflected P-wave. The graph in the lower right 
gives the reflection coefficients, Rs, for the mode-converted S-wave. The graph in the 
upper right gives the angular relationship between the incident wave and the mode-
converted wave, which is determined by Snell’s law. The drawing in the lower left 
shows an illustrative example. Note that for rays of a P-wave with low angles of 
incidence, Rp is approximately equal to one and Rs is small. This is important in the 
application of the impact-echo method to be discussed. 
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Figure 4.2 :   Reflection coefficients at a concrete/air interface for an incident P-
wave as a function of the incidence angle (Poisson’s ratio = 0.2) (Carino, 2004). 
In the previous discussion it was assumed that reflection and refraction of wave 
fronts occurred at planar interfaces between two dissimilar media. This type of 
analysis is also applicable to flaws or discontinuities within a medium. The ability 
(sensitivity) of stress wave propagation methods to detect flaws or discontinuities 
depends on the component frequencies (or wavelengths) in the propagating wave and 
on the size of the flaw or discontinuity. A general rule is that to be detectable, the 
size of flaw must be approximately equal to or larger than the wavelengths in the 
propagating wave. 
 ܥ ൌ ݂ߣ (4.8)
where; 
 C: wave velocity 
 f: frequency 
 ߣ: wave length 
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For example, to detect a flaw with a diameter of about 0.1 m, it is necessary to 
introduce into the concrete (P-wave speed of about 4000 m/s) a stress pulse that 
contains frequencies greater than approximately 40 kHz (wavelengths less than 
approximately 0.1 m). 
As a wave propagates through a solid its amplitude decreases with path length due to 
attenuation (scattering and absorption) and divergence (beam spreading). Divergence 
causes the amplitude of spherical waves to decrease in proportion to the inverse of 
the distance from the source. In evaluation of concrete, low-frequency (long-
wavelength) waves must be used to reduce the attenuation of wave energy due to 
scattering (reflection and refraction from mortar-aggregate interfaces). If the 
wavelength of the propagating wave is less than the size of the aggregate, the 
mismatch in acoustic impedances between mortar and aggregate particles scatters 
incident waves at each mortar-aggregate interface. For example, if the maximum size 
aggregate is 25 mm in a concrete with a P-wave speed of 4000 m/s, frequencies 
lower than 4000/0.025 = 160 kHz should be used to reduce scattering. The concrete 
will appear homogeneous to these lower frequency waves. Use of low-frequency 
waves, however, reduces the sensitivity of the propagating waves to small flaws. 
Thus, there is an inherent limitation in the flaw size that can be detected within 
concrete using stress wave propagation methods. 
4.3. Waves in Piles - One Dimensional Wave Theory 
The problem of wave propagation in piles is of importance when considering the 
behavior of a pile and the soil during pile driving, and under dynamic loading. 
Because of the one-dimensional character of the problem this is also one of the 
simplest problems of wave propagation in a mathematical sense, and therefore it may 
be used to illustrate some of the main characteristics of dynamics. 
4.3.1. Basic Equation 
When a pile of constant cross sectional area A, consisting of a linear elastic material 
with modulus of elasticity of E is considered, and if there is no friction along the 
shaft of the pile, the equation of the motion of an element is as follows. As a preface 
to wave theory, consider the case of a cylindrical bar, not subject to any internal 
damping or soil interaction as shown in Figure 4.3. The bar has a mass density ρ, and 
a time-dependent force F(t) is acting to the bar at the top as a load. 
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Figure 4.3 :   Cylindrical bar loaded at one end (Middendorp, 1997). 
 
߲ܨ
߲ݔ
ൌ ߩܣ
߲ଶݑ
߲ݐଶ
 (4.9)
where; 
 F: The normal (axial) force of the bar. (compression=positive) 
 x: The Lagrangian coordinate. 
 ߩ: Mass density of the pile material. 
 u: Displacement in axial direction. 
 t: Time. 
The normal force is related to the stress by 
 ܨ ൌ ߪܣ (4.10)
And the stress is related to the strain by Hooke’s law for the pile material 
 ߪ ൌ ܧߝ (4.11)
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Finally, the strain is related to the vertical displacement u by the relation 
 ߪ ൌ ܧߝ ൌ ܧ
߲ݑ
߲ݔ
 (4.12)
Thus, the normal force F is related to the vertical displacement u by the relation 
 ܨ ൌ ܧܣ
߲ݑ
߲ݔ
 (4.13)
Substitution of Eq. (4.9) and Eq. (4.13) gives the wave equation (4.14). 
 ܧ
߲ଶݑ
߲ݔଶ
ൌ ߩ
߲ଶݑ
߲ݐଶ
 (4.14)
The wave equation can be solved analytically, for instance by the Laplace transform 
method or by the method of characteristics, or it can be solved numerically. 
4.3.2. The Method of Characteristics 
Analytical method principal is based on solving the differential equations by using 
conventional solving methods developed in mathematics. Method of characteristics 
is one of those solving techniques. It has been commonly used for solving the second 
degree differential wave equation for pile analysis studies (Taylan, 2006). 
By substituting ܧ/ߩ ൌ ܿଶ in equation (4.14), the following differential equation is 
obtained: 
 
߲ଶݑ
߲ݔଶ
െ
1
ܿଶ
߲ଶݑ
߲ݐଶ
ൌ 0 (4.15)
A partial differential equation in displacement and time, which is the general solution 
for it, is as follows: 
 ݑ ൌ u՝ሺݔ െ ܿݐሻ ൅ u՛ሺݔ ൅ ܿݐሻ ൌ 0 (4.16)
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That is, the general solution consists of two traveling waves, both propagating with 
velocity c, but in opposite directions. Along the lines (x ± ct), called characteristics, 
the values of u↓ and u↑ are steady and are determined from boundary conditions.  
The function values f↓ and f↑ remain constant for ሺ࢞ െ ࢉ࢚ሻ ൌ constant and ሺ࢞ ൅
ࢉ࢚ൌconstant (Figure 4.4). 
 
Figure 4.4 :   The graphical explanation of constant function values of f↓ and f↑ 
(Middendorp, 1997). 
For the axial force F and the particle velocity v, the following equations can be 
resultant 
 ݒ ൌ
߲ݑ
߲ݐ
ൌ
߲u՝
߲ሺݔ െ ܿݐሻ
ሺെܿሻ ൅
߲u՛
߲ሺݔ ൅ ܿݐሻ
ሺ൅ܿሻ ൌ ݒ՝ ൅ ݒ՛ (4.17)
 F ൌ െܧܣ
߲ݑ
߲ݔ
ൌ െܧܣ ቆ
߲u՝
߲ሺݔ െ ܿݐሻ
൅
߲u՛
߲ሺݔ ൅ ܿݐሻ
ቇ ൌ F՝ ൅ F՛ (4.18)
Therefore, as v↓ and F↓ are functions of (x-ct) only and v↑ and F↑ are functions of 
(x+ct) only, the force and velocity can also be interpreted as the addition of a 
downward and upward traveling wave. 
The impedance of the bar, Z, described as the ratio of the driving force to the 
associated velocity is: 
 ܼ ൌ
ܧܣ
ܿ
ൌ ܣඥܧߩ (4.19)
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From eq. (4.17) and (4.18): 
 ܨ՝ ൌ ܼݒ՝   and   ܨ՛ ൌ െܼݒ՛ (4.20)
4.3.3. Boundary Conditions at Top and Toe 
To understand the concept of boundary conditions, imagine a half sine pulse load is 
introduced on a pile with a finite length L. As any time-dependent load can 
straightforwardly be represented as a series of pulses, this load is formed by a 
series of pulses. 
In the process, a compression wave starts traveling downwards. To be kept in mind, 
only the part of the pile between the two characteristics is in motion with ݒ ൌ ܨ/ܼ; 
and the remainder of the pile is at rest. Once the front of the wave reaches the pile toe 
at ݐ ൌ ܮ/ܿ, it is reflected. The type of the reflection depends on the character of the 
pile, which is either a free-end or a fixed-end pile.  
4.3.3.1. Free-end Piles 
In a free-end pile, as shown in Figure 4.5, the boundary condition is such that at any 
time t, the force at the toe is zero. This also means that there is no resistance at the 
free toe. That is, Fሺݔ ൌ ܮ, ݐሻ ൌ 0. Thus, 
 Fሺܮ, ݐሻ ൌ F՝ሺܮ, ݐሻ ൅ F՛ሺܮ, ݐሻ ൌ 0   or (4.21)
 F՛ሺܮ, ݐሻ ൌ െF՝ሺܮ, ݐሻ 
For a free-end pile, a reflected wave of the same magnitude with opposite direction is 
introduced at the toe at a time, ݐ ൌ ܮ/ܿ. This reflection wave is a tension wave. The 
waves overlap in the small triangles showed in the x-t diagram (Figure 4.5) and the 
resulting force is zero. The upward and downward traveling wave’s velocities are 
given as follows: 
 ݒ՝ ൌ
ܨ՝
ܼ
ൌ
ܨ
ܼ
  and  ݒ՛ ൌ െ
ܨ՛
ܼ
ൌ
ܨ
ܼ
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 ݒሺܮ, ݐሻ ൌ ݒ՝ሺܮ, ݐሻ ൅ ݒ՛ሺܮ, ݐሻ ൌ
2ܨ
ܼ
 (4.22)
 
Figure 4.5 :   Response from a pulse load on a free-end pile (Middendorp, 1997). 
Consequently, the upward and downward wave velocities have the same sign and 
magnitude. The value of the velocity is doubled in the overlap area. 
At ݐ ൌ ܮ/ܿ, the upward traveling wave reaches the free top of the pile and another 
reflection occurs which is a downward traveling compression wave. To be kept in 
mind, the time average value of velocity is given by ݒ ൌ ܨΔݐ/ߩܣ. 
4.3.3.2. Fixed-end (Restricted) Piles 
As shown in Figure 4.6, for a fixed end, the boundary condition is such that there is 
no movement at the fixed toe; thus, at any time t, the displacement and, therefore, the 
velocity at the toe is zero. That is ݒሺݔ ൌ ܮ, ݐሻ ൌ 0. Thus, 
 ݒሺܮ, ݐሻ ൌ ݒ՝ሺܮ, ݐሻ ൅ ݒ՛ሺܮ, ݐሻ ൌ 0 (4.23)
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 v՛ሺܮ, ݐሻ ൌ െݒ՝ሺܮ, ݐሻ ൌ െ
ܨ՝
ܼ
ൌ െ
ܨ
ܼ
 
 ܨ՛ሺܮ, ݐሻ ൌ െܼݒ՛ ൌ ܨ՝ሺܮ, ݐሻ ൌ ܨ (4.24)
 
Figure 4.6 :   Response from a pulse load on a fixed-end pile (Middendorp, 1997). 
Thus, for a fixed-end pile, a reflected wave of the same sign and magnitude is 
introduced at the toe. In that situation, the reflected wave is a compression wave. In 
the overlap triangle, the axial force is 2F and the velocity is zero.  
At ݐ ൌ ܮ/ܿ, the upward traveling wave reaches the free top of the pile and a further 
reflection occurs, which is a downward traveling tension wave. With the 
displacement and velocity at the top, it can be concluded that the pile is vibrating 
with an essential frequency f and a period T indicated as: 
 ܶ ൌ
2ߨ
݂
ൌ
4ܮ
ܿ
ൌ 4ܮට
ߩ
ܧ
 (4.25)
The period of vibration can also be found from an eigenvalue analysis as being the 
lowest eigenfrequency.  
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4.3.4. Pile Discontinuities  
The change in pile impedance Z, occurs when a discontinuity (e.g. change in the 
cross-section area of the pile) occurs. The free-end and fixed-end piles are special 
cases of discontinuities. The common case of discontinuities is shown in Figure 4.7. 
At a discontinuity, the forces, F, are in equilibrium and the velocity, v, on both sides 
is the same.  
 
Figure 4.7 :   General discontinuity (Middendorp, 1997). 
Therefore, the force and velocity equations are: 
 ܨଵ՝ ൅ ܨଵ՛ ൌ ܨଶ՝ ൅ ܨଶ՛  and  ݒଵ՝ ൅ ݒଵ՛ ൌ ݒଶ՝ ൅ ݒଶ՛ (4.26)
Recalling the impedance parameter, the velocity equation becomes: 
 
ܨଵ
՝
ܼଵ
െ
ܨଵ
՛
ܼଵ
ൌ
ܨଶ
՝
ܼଶ
൅
ܨଶ
՛
ܼଶ
 (4.27)
If some precise point in time is thought, the upward travelling wave in the second 
part and the downward traveling wave in the first part are known. Using the above 
equations, the downward traveling wave in part 2 and the upward traveling wave in 
part 1 can be calculated. 
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 ܨଶ՝ ൌ
2ܼଶ
ܼଵ ൅ ܼଶ
ܨଵ
՝ ൅
ܼଵ െ ܼଶ
ܼଵ ൅ ܼଶ
ܨଶ
՛ (4.28)
 ܨଵ՛ ൌ
ܼଶ െ ܼଵ
ܼଵ ൅ ܼଶ
ܨଵ
՝ ൅
2ܼଵ
ܼଵ ൅ ܼଶ
ܨଶ
՛ (4.29)
To give an example, imagine that a pile’s cross-sectional area is reduced by half, so 
that the impedance on the second part is the half of the first part. ሺܼଵ ൌ 2ܼଶሻ In this 
case, the waves moving downwards and upwards are calculated as: 
 ܨଶ՝ ൌ
2
3
ܨଵ
՝ ൅
1
3
ܨଶ
՛ 
 ܨଵ՛ ൌ െ
1
3
ܨଵ
՝ ൅
4
3
ܨଶ
՛ 
The reflections can be seen in Figure 4.8 for a pile with a discontinuity. 
 
Figure 4.8 :   Reflections in a pile with a discontinuity (Middendorp, 1997). 
The principles of integrity testing can be explained from the impact of a single ball 
on a row of balls. There are two circumstances: the last ball can move freely (free 
end) and the last ball is restricted (fixed-end). In both cases, the energy of the impact 
ball is transferred to the first ball, then to the next, and so on down the row as shown 
in Figure 4.9. 
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Figure 4.9 :   Impact balls: free-end and fixed-end (Middendorp, 1997). 
For a free-end pile, the last ball moves forward, without transferring its energy. It is 
important to keep in mind that, the impact balls remain at rest after impaction occurs. 
For a fixed-end pile, the last impact ball moves backwards due to the border at the 
end, and also the energy is transferred back to the former ball and so on. Therefore, 
even if the end is not visible, by noting the impact balls alone, one can determine a 
free-end or fixed-end condition.  
Similarly, it is easy to understand a free-end or fixed-end condition for a pile in soil. 
As described above, a hammer impact sets the top ball in motion. On the other hand, 
a pile has both mass and elastic properties and is better modeled as a series of balls 
joined by springs as shown in Figure 4.10. Therefore, the spring under the top ball 
compresses, transferring energy to the next ball. After the energy transfer, the top 
ball will have zero velocity. Following the impact, energy is transferred down the 
pile. 
 
Figure 4.10 :   Masses connected by springs: free-end and fixed-end (Middendorp, 
1997). 
For a free-end condition, the unrestricted last ball will tension the spring above it, 
which in turn pulls down the ball above it and so on up the pile. The top ball again 
moves downward. Therefore, the motion of the top ball is downwards at impact, a 
moment of rest, and downwards again. For a fixed-end condition, the restricted last 
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ball will compress the spring below it and push the last ball upwards and so on up the 
pile. The top ball moves upwards. Therefore the motion of the top ball is downwards 
at impact, a moment of rest, and then upwards. 
The speed of propagation of the disturbance moving a ball and compressing or 
tensioning a spring and moving the next ball can be defined as the stress wave 
velocity c. The stress wave velocity will be lower for heavier balls and higher for 
stiffer springs. For a free-end condition, the springs are compressed during the 
downwards propagation and tensioned during the upwards propagation. For a fixed-
end condition, the springs are compressed during both the downwards and upwards 
propagation. The reflections in six general cases are shown in Figure 4.11. 
4.3.5. Pile-Soil Interaction  
For all piles in soil, a complex interaction exists between the pile and the soil, 
characterized here by shaft friction and toe resistance. At a certain depth with local 
shaft friction W (Figure 4.12), the force and velocity (continuity) equations are as 
follows: 
 ܨ ൌ ܨଵ՝ ൅ ܨଵ՛ ൌ ܨଶ՝ ൅ ܨଶ՛ ൅ ܹ (4.30)
 ݒ ൌ
ܨଵ
՝
ܼ
െ
ܨଵ
՛
ܼ
ൌ
ܨଶ
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ܼ
൅
ܨଶ
՛
ܼ
 
 ܼݒ ൌ ܨଵ՝ െ ܨଵ՛ ൌ ܨଶ՝ ൅ ܨଶ՛ (4.31)
By adding and subtracting eq. (4.30) and (4.31), 
 ܨଶ՝ ൌ ܨଵ՝ ൅ 0.5ܹ (4.32)
 ܨଵ՛ ൌ ܨଶ՛ െ 0.5ܹ (4.33)
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Figure 4.11 :   Reflections in six general cases (Middendorp, 1997). 
In the toe resistance case, and the toe with constant force Fg, the boundary conditions 
are shown below (Figure 4.13). 
 ܨሺܮ, ݐሻ ൌ ܨଵ՝ሺܮ, ݐሻ ൅ ܨଵ՛ሺܮ, ݐሻ ൌ ܨ௚ (4.34)
 ݒሺܮ, ݐሻ ൌ ݒଵ՝ሺܮ, ݐሻ ൅ ݒଵ՛ሺܮ, ݐሻ ൌ
൫2ݒଵ
՝ െ ܨ௚൯
ܼ
 (4.35)
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Figure 4.12 :   Shaft friction case (Middendorp, 1997). 
 
Figure 4.13 :   Toe resistance case (Middendorp, 1997). 
It is assumed that, the resistance W depends only on the direction of the movement of 
the pile relative to soil. In a free pile, the velocity is shown as a same sign reflection. 
Free pile wave is shown in Figure 4.14. 
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Figure 4.14 :   Free pile wave (Middendorp, 1997). 
The velocity is reduced under the influence of shaft friction. Changes from a stiff 
layer to a soft layer yield the same type of signals as a decrease in cross-section. 
Changes from a soft layer to a stiff layer yield the same type of signals as an increase 
in cross-section. Reduced wave from pile-soil interaction is shown in Figure 4.15. 
 
Figure 4.15 :   Reduced wave from pile-soil interaction (Middendorp, 1997). 
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4.3.6. TNOWAVE Numerical Model 
Wave propagation can be treated numerically in a number of ways. Very often, the 
pile is modeled as masses and springs. Another method uses finite elements. 
TNOWAVE, however, is based on the method of characteristics, first introduced by 
Voitus van Hamme (1974) (The Netherlands). 
The TNOWAVE algorithm is based on the method of characteristics algorithm. The 
definitions of this algorithm are explained in section 4.3.2 and derived from the stress 
wave theory. In the TNOWAVE numerical model, the continuous pile is divided into 
elements. At the intersection of the elements frictional forces W are acting. Frictional 
forces depend on the displacement (springs), velocity (dampers) and accelerations 
(added mass). 
In the Method of Characteristics where no pile-soil interaction exists, time is 
subdivided into discrete time intervals, Δt, and the pile is subdivided into elements of 
length, Δ݈ ൌ ܿ ൈ Δݐ. Thus, the length of the element depends on the wave speed and, 
hence, the modulus of elasticity and density. Furthermore, discontinuities in the pile 
impedance are allowed to be exist only on element borders. Within each element, the 
pile properties are constant. In Figure 4.16, part of a pile is shown defining the 
downward and upward traveling waves within an individual pile element.   
 
 
Figure 4.16 :   Downward and upward traveling waves through pile (Middendorp, 
1997). 
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Notations used in Figure 4.16 are expressed as follows:  
ܰ: pile element number ݂՝௡ିଵ,௜ିଵ: downward traveling incident wave 
݊: discrete point ݂՛௡ାଵ,௜ିଵ: upward traveling incident wave 
Δ݈: element length ݂՝௡,௜: downward traveling transmitted wave 
݅: time step number ݂՛௡,௜: upward traveling transmitted wave 
ݐ: Time   
At time t (time step i), waves arrive at level n inside the pile from the former time 
step ሺ ݐ െ Δݐሻ and levels ሺ ݊ െ 1ሻ and ሺ ݊ ൅ 1ሻ. Incident waves are calculated in the 
former time steps and then at the intersection point of elements, the transmitted 
waves (resulting waves) are calculated based on the equilibrium and continuity 
conditions.  
For all piles in soil, a complex interaction exists between the pile and the soil. Soil is 
a complicated material, with cohesion, friction, damping, elasticity, water pressures, 
and so on. In method of characteristics the pile-soil interaction is modeled by springs, 
dampers, and added masses. The general formula for the interaction force W between 
the pile and soil is given by : 
 ܹ ൌ ௨ܹ ൅ ௩ܹ ൅ ௔ܹ (4.36)
 where ௨ܹ: interaction force due to displacement of the pile. 
 ௩ܹ: interaction force due to velocity of the pile. 
 ௔ܹ: interaction force due to acceleration of the pile. 
Since the pile-soil interaction force is a function of displacement, velocity and 
acceleration; spring and damper characteristics are not automatically the same for 
static and dynamic loading. It is a major problem in the interpretation of dynamic 
load tests. The pile-soil interaction forces are distributed over the entire contact area 
between the pile and soil. Method of characteristics interaction forces are assumed to 
be acting only at the element boundaries as shown in Figure 4.17. 
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Figure 4.17 :   Schematic demonstration of the pile-soil interaction forces 
(Middendorp, 1997). 
The mathematical models applied in practice for stress wave propagation in piles are 
the lumped (Smith) models and continuous models. The TNOWAVE numerical 
model is a continuous model. Table 4.2 shows the significant differences between the 
continuous model and the lumped model. 
Table 4.2: Continuous model vs. lumped model (TNO Building and Construction 
Research, 1997). 
 Continuous Model (TNOWAVE) Lumped Model (Smith) 
Mass Continuous concentrated mass points 
Stiffness Continuous concentrated springs 
Method of analysis Method of characteristics. Calculates 
the initial wave propagation for each 
time step Δt  and calculates resulting 
waves at the element intersections 
Solves for each time step Δt 
the set of equations of 
dynamic equilibrium by 
numerical integration 
 
Shaft friction Friction forces at the element 
intersection 
Friction forces concentrated 
in the centers of gravity of 
the point masses 
When the elements are too long for the lumped model numerical integration method 
may cause inaccuracy in the results. Reflection may appear which are not real 
because the resistances are concentrated at too few points. 
For stress wave propagation, the method of characteristics is superior to the lumped 
mass or finite element approach because of the lack of numerical noise. Figure 4.18 
shows the comparison of the pile-soil models. 
74 
 
 
Figure 4.18 :   Comparison of pile-soil models (a) Real pile, (b) TNOWAVE 
numerical (continuous) model, (c) Smith’s (lumped) model (Middendorp, 1997). 
4.4. Pile Integrity Test (Sonic Echo and Impulse Response Methods) 
Pile integrity testing is a non-destructive testing technique, which involves applying 
low strains to a foundation element using light hammer impacts and evaluating the 
collected force and velocity records to deduce qualitative and quantitative 
information for the foundation element. Standards covering PIT performance include 
ASTM D5882-07. 
Sonic Echo/Impulse Response (SE/IR) tests, which are also called low strain pile 
integrity tests, are performed to evaluate the integrity and determine the length of 
deep foundations. This method can be used to detect defects, soil inclusions and pile 
necking, diameter increases (bulbing) as well as approximate pile lengths. 
SE/IR tests are performed on drilled shafts and driven piles (concrete or timber) or 
auger-cast piles. These tests can also be performed on shallow wall structures such as 
an abutment or a wall pier of a bridge, provided the top of the wall is accessible. 
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Low strain integrity testing helps the user determine the integrity of each pile. 
Hundreds of piles can be tested in a day. It helps detection of major discontinuities or 
defaults in foundations which may lead to failure of the pile shaft. To quickly and 
reliably assess the quality of a foundation, graphs of velocity-time and force-time are 
presented together for the duration of an integrity test. Results can be presented in 
both the time or frequency domain. 
The sonic echo method requires a measurement of the travel time of seismic waves 
(time domain), and the impulse response method uses spectral analysis (frequency 
domain) for interpretation. The sonic echo method is also known as echo, seismic, 
sonic, impulse echo and pulse echo methods. Other names for the impulse response 
method include sonic mobility, transient dynamic response, impulse response 
spectrum, impedance, shock, transient response, transient dynamic response, and 
sonic. 
In both (SE/IR) tests, the reflection of compressional waves from the bottom of the 
tested structural element or from a discontinuity such as a crack or a soil intrusion is 
measured. The generated wave from an impulse hammer travels down a shaft or a 
pile until a change in acoustic impedance (depends on velocity, density, and changes 
in diameter) is encountered where the wave reflects back and is recorded by a 
receiver placed next to the impact point. 
When a hammer loads a foundation pile (during driving or testing), a disturbance, 
modeled as an incident wave, is introduced to the pile. Because of discontinuities in 
the pile and interactions with the surrounding soil, reflected waves are also 
introduced, travelling in the opposite direction to the incident wave. The incident 
wave and reflected wave, and any subsequent reflections, interfere throughout the 
length of the pile. This process can be compared numerically to the one-dimensional 
wave theory. 
4.4.1. Test Method 
In pile integrity testing, the pile head is struck with a small hand held hammer while 
the pile head movement is recorded with an accelerometer which is pressed on the 
pile top. The impact blow can also be recorded by using an instrumental hammer 
(Figure 4.19). The acceleration signal is integrated to a velocity signal. The integrity 
test requires input data for estimated pile length and stress wave velocity in the 
material of the pile. 
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The test involves impacting the top of a drilled shaft with an impulse hammer, which 
induces transient vibrations with frequencies as high as 2000 Hz. Both the impact 
force and particle velocity are measured on the impacted surface. Shaft response is 
recorded in the time domain with a geophone, and the signal is digitally converted to 
the frequency domain for analysis. 
In an SE/IR test, a digital signal analyzer records the hammer input and the receiver 
output. Sonic echo (SE) tests are typically performed with different frequency 
filtering to optimize reflections coming from the bottom of the foundation and to 
reduce the effect of surface waves or reflections from a discontinuity at a shallow 
depth where the frequencies associated with these two conditions are high. In an 
impulse response (IR) test, a digital analyzer automatically calculates the transfer and 
coherence functions after transforming the time records of the hammer and the 
receiver to the frequency domain. 
 
Figure 4.19 :   The pile integrity test equipment with an instrumented hammer (TNO 
Building and Construction Research, 1997). 
The testing equipment necessary to perform impulse response tests is schematically 
shown in Figure 4.20. The figure also illustrates a typical testing arrangement for 
performing tests on concrete shafts where the top of the shaft is accessible and when 
access to the shaft head is obscured by a pile cap, grade beam, or other existing 
structures. The equipment includes a portable computer equipped with a data 
acquisition board and signal conditioning card, an impulse hammer and a geophone. 
The portable PC is used for acquiring, analyzing, and storing the data. Generally, a 
notebook PC with a PCMCIA card supplied by the instrument manufacturer is used. 
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The geophone is activated upon a hammer impact by a triggering device within a 
data acquisition card and signal conditioning unit in a portable PC to which both the 
hammer and geophone are connected. The voltage response of the geophone is stored 
digitally for processing. The magnitude of the velocity recorded by the geophone is 
calculated by dividing the measured velocity voltage by the geophone sensitivity. 
 
Figure 4.20 :   Testing setup for surface reflection techniques: (a) accessible head (b) 
inaccessible head (Olson, et al., 1998). 
For drilled shafts and piles, the best results from SE/IR tests are obtained if the top of 
the drilled shaft or the pile is exposed for receiver attachment and hammer hitting 
(Figure 4.21a). If the top is not exposed, then the SE/IR tests are performed on the 
side. This requires at least the upper 30 to 60 cm of the shaft to be exposed (Figure 
4.21b). For wall-like shallow structures, the top of an abutment or a pier should be 
exposed for SE/IR testing (Figure 4.21c). In these cases where the superstructure is 
in place, the SE/IR data becomes more difficult to interpret because of the many 
reflecting boundaries, and two or more receivers should be used to track reflections. 
4.4.2. Data Analysis 
Analysis of the integrity of a foundation for both the sonic echo (SE) and impulse 
response (IR) methods is based on the identification and evaluation of reflections. 
However, test results are analyzed in the time domain for the SE and in the frequency 
domain for the IR method. The reflections are shown as resonant frequency peaks in 
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the frequency domain for IR test data. The two methods complement each other 
because the identifications of reflections are sometimes clearer in either the time or 
the frequency domain. 
 
Figure 4.21 :   Source and receiver locations for a sonic echo/impulse response test 
for different shaft configurations (Wightman, et al., 2003). 
The SE and IR test methods are sensitive to changes in the shaft impedance 
ሺܼ ൌ ߩܿܣሻ, which causes the reflections of the compression wave energy. 
Compression wave energy (hammer impact energy) reflects differently from 
increased shaft impedance than from decreased shaft impedance. 
This phenomenon allows the type of reflector to be identified as follows. Soil 
intrusions, honeycomb, breaks, cold joints, poor quality concrete and similar defects 
(referred to herein as a neck) are identified as reflections that correspond to a 
decrease in the shaft impedance. Increases in the shaft cross-section or the 
competency of surrounding materials (referred to herein as a bulb) are identified as 
reflections corresponding to increases in the shaft impedance. A decrease in 
impedance is indicated by a downward initial break of a reflection event in an SE 
record and frequency peaks positioned in a record such that a peak could be 
extrapolated to be near 0 Hz in the mobility plot. 
Conversely, an increase in impedance is identified by an upward initial break for an 
SE reflector and frequency peaks positioned in an IR record such that a trough could 
be extrapolated to be near 0 Hz in the mobility plot (Olson, et al., 1998). 
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To aid in interpreting SE/IR data, certain processing techniques can be applied to 
enhance weak echoes. SE signals, which are measurements of acceleration, are 
commonly integrated to produce velocity and exponentially amplified to enhance 
weak reflections and to compensate for the damping of energy. For cases where 
echoes are not easily identified in the data, other processing, such as the Cepstrum 
technique, is used. In this technique, an autocorrelation function is calculated to help 
better determine the time separation between two echoes. In simple cases, the SE 
data can be used to obtain an image of the shaft through a process called impedance 
imaging. 
For best results, it is important to know the P wave velocity in the structure being 
tested. It is not safe to assume the concrete velocity is known from other empirical 
data. Velocities of concrete can vary based on the aggregate used, age of the 
structure, and state of weathering, ASR or other degradation. It is easy to measure 
local velocity if two sides of the structure are available or if a sufficient length of the 
body is available for access. A source placed a measured distance from a receiver can 
be used to get a first arrival signal to compute the P-wave velocity. 
Sonic Echo data are used to determine the depth of the foundation based on the time 
separation between the first arrival and the first reflection events or between any two 
consecutive reflection events (Δݐ) according to the following equation: 
 ܦ ൌ ܸ
Δݐ
2
 (3.1)
where; 
 D: Depth of reflector. 
 V: Velocity of compressional waves. 
The wave could be reflected from the bottom of the foundation or from any 
discontinuity along the embedded part of the foundation. The Sonic Echo data can 
also be used to determine the existence of a bulb or a neck in a shaft or the end 
conditions of the shaft based on the polarity of the reflection events. Figure 4.22 
illustrates the data from a Sonic Echo survey along with the depth calculation 
computed between the second and third echoes. The multiple echoes are all 
interpreted as coming from the same reflector since the time separations of the 
echoes are all equal. Any pair can be used to calculate the two-way travel time 
between the source and the reflector. In this case the clearest pair of echoes were the 
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second and third, which were used to calculate the depth using the formula above, 
giving a depth of 2.01 m. 
 
Figure 4.22 :   Data from the sonic echo method and depth calculations (Wightman, 
et al., 2003). 
The impulse response data are also used to determine the depth of reflectors 
according to the following equation: 
 ܦ ൌ
V
2 ൈ Δ݂
 (3.2)
 where Δ݂: Distance between two peaks in the transfer function plot  
ሺݒ݈݁݋ܿ݅ݐݕ ݒݏ. ݂ݎ݁ݍݑ݁݊ܿݕሻ or between zero frequency and the first peak 
for soft bottom conditions. 
The multiple echoes from a discontinuity or bottom, as seen in the sonic echo 
method, result in increased energy at the frequency of the echo. This causes a peak in 
the frequency spectrum. Under conditions where there is a hard material beneath the 
structure, the second harmonic of the echo is also evident. Using the frequency 
difference between zero and the main echo frequency or between the first and second 
harmonic frequencies in the formula above gives the depth of the structure. In 
addition, the Impulse Response data provides information about the dynamic 
stiffness of the foundation. This value can be used to predict foundation behavior 
under working loads or correlated with the results of load tests to more accurately 
predict foundation settlement. 
Example data for the Impulse Response method are shown in Figure 4.23, along with 
the depth calculations showing a reflector depth of 1.98 m. 
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Figure 4.23 :   Depth calculations using frequency domain data for the impulse 
response method (Wightman, et al., 2003). 
This is a quick and economical test method used mostly in columnar shaped 
foundations without access tubes. Any defects can be found early with minimal 
delays to construction. 
The SE/IR method works best for free-standing columnar-shaped foundations, such 
as piles and drilled shafts, without any structure on top. Typically, SE/IR tests are 
performed on shafts or piles of length-to-diameter ratios of up to 20:1. Higher ratios 
(30:1) are possible in softer soils. The method can only detect large defects with 
cross-sectional area changes greater than 5%. 
A toe reflection is not possible if the pile is socketed in bedrock of similar stiffness 
(or acoustic impedance) as concrete. If the pile is embedded in very stiff soils, 
penetration may be limited up to 8 m. For the softer soils, echoes can be observed 
from piles of up to 80 m in length. This method cannot be used for steel H-piles. 
4.4.3. Pile Integration Test Flow Chart 
The steps involving a typical pile integrity test measurement are illustrated in Figure 
4.24. 
4.4.4. Time Domain vs. Frequency Domain 
Analyzing a pile integrity test in frequency domain or the time domain is a matter of 
preference. Although time domain analysis is typically less complicated, helpful pile 
information is provided by both methods. 
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Time domain 
• Interpretation is directly related to stress wave theory. 
• Pile length can be calculated from an estimate of the stress wave velocity. 
• Pile irregularities can be detected. (Reflections from impedance changes can 
be easily seen. Signal magnitude indicates increase or decrease in pile 
impedance or soil damping. Depth of irregularity determined directly.) 
• Pile head impedance can be estimated (with the instrumented hammer). 
Frequency domain 
• Interpretation not directly related to stress wave theory. 
• Pile length can be calculated from an estimate of the stress wave velocity.  
• Additional calculations are required to detect pile irregularities. (No direct 
information on -increase or decrease in pile impedance. Depth of irregularity 
determined indirectly.)  
• Pile head impedance can be estimated. 
• Pile stiffness under an extremely small dynamic load can be determined. 
• Processing time is longer. 
A comparison of both methods is shown in Table 4.3. 
Table 4.3: Time domain versus frequency domain analysis (TNO Building and 
Construction Research, 1997). 
 
Time 
Domain 
Frequency 
Domain 
Stress wave theory interpretation  Yes No 
Calculate pile length Yes Yes 
Detect pile irregularities Yes Yes 
Detect increase or decrease in cross-section Yes No 
Calculate pile head impedance Indirect Direct 
Initial stiffness under extremely small dynamic load No Yes 
Static capacity information No No 
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Figure 4.24 :   Pile integrity test flow chart (TNO Building and Construction 
Research, 1997). 
4.4.5. Signal Interpretation and Signal Matching Process 
In a particular pile integrity test, a number of piles at several locations on a site are 
tested. It has never been satisfactory to test only piles which appear to be suspected.  
A sonic integrity test signal contains information about changes in impedance caused 
by variations in the pile cross section, soil characteristics, or pile density as well as 
holes, soil inclusions, and cracks. 
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The accelerometer signal is amplified and converted to digital form, preserving all 
details, especially signals with weak toe reflections. Velocity is calculated by 
integrating the acceleration signal. The velocity-time and force-time graphs can be 
used to analyze the test results. 
For each pile, at least three tests are performed. The results of these hammer blows 
are averaged to reduce the noise and highlight features unique to the test pile. In 
addition, more trials reduce the chance of human error of the test. Pile length is 
determined from identifying toe reflections as reflected pulses. 
In most cases, a “characteristic signal” for each site is determined from a model pile 
or by taking average of tests on several sound piles having similar soil conditions. 
The SIT signal from a test pile is compared to this characteristic signal to 
differentiate between a change in soil resistance and a pile discontinuity. The 
characteristic signal should be compatible with that for other piles of the same kind, 
and should usually correspond with the majority of piles tested on a particular site. 
The characteristic signal can be established intuitively or made by averaging a 
number of pile results together, excluding any piles which deviate from the norm. If 
the test signal is different than the characteristic signal, then any impedance changes 
are due to the changing pile impedance and not the characteristic of the site. Changes 
not found in the characteristic signal require additional analysis to determine the 
cause. 
The characteristic signal is compared with the available soil data. The causes of 
deviations are mostly due to a change in pile cross-section caused by soft layers, fill 
materials, voids in ground, old foundation bases, entry into hard layers, casing 
lengths, or deliberate pile base enlargements. If a pile enters a rock material, 
damping will be very high on account of greatly increased shaft friction and will 
show as an apparent increase in cross-section and no reaction from the pile toe. 
Integrity testing alone estimates the test pile’s length, and shows general information 
about irregularities in the pile shaft. The defects such as inclusion, hole, or crack are 
reflected in the same direction as the hammer blow; whereas a bulge or increase in 
the cross-section is reflected in the opposite direction. Figure 4.25 shows the 
phenomena that are detectable by integrity testing. However, some of the 
irregularities cannot be detected by integrity testing. These are shown in Figure 4.26. 
85 
 
Figure 4.25 :   Phenomena that can be detected by integrity testing (TNO Building 
and Construction Research, 1997). 
The analysis using the pile integrity test data is referred as the qualitative analysis. It 
predicts the pile’s length and gives the engineer a brief opinion about the 
discontinuities. Most of the major defaults can be detected. However, in some 
conditions, discontinuities may not be seen by pile integrity test alone and 
quantitative analysis by the help of computer software may be required in such cases. 
4.4.6. SITWAVE Software 
Sonic integrity testing simulation and automatic signal matching software 
(TNOWAVE: SITWAVE) (Figure 4.27) calculates the wave signal of a modeled pile 
(with or without discontinuities or soil behavior). Experience with simulated SIT 
signals greatly helps the understanding of real SIT signals. When normal 
interpretation is not possible or too difficult, SITWAVE calculations can clarify a 
discontinuity in a pile. In this kind of signal analysis, the software conducts a signal 
matching process which allows reconstructing the approximate shape of the deep 
foundation. 
Prior to the signal analysis, the initial pile conditions are inputted in the software. 
These parameters are pile material, pile length, pile diameter and the wave velocity 
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depending on the pile material. The number of pile parts, which determines the 
length of the increments to be used in the analysis, is also introduced (Figure 4.28). 
The soil profile is also identified into the software in terms of SPT, CPT, DMT, PMT 
or Lab Cu data (Figure 4.29). 
 
Figure 4.26 :   Phenomena that will not be detected by integrity testing (TNO 
Building and Construction Research, 1997). 
 
Figure 4.27 :   SITWAVE, SIT simulation and signal matching software. 
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Figure 4.28 :   Inputting of the pile parameters in SITWAVE. 
 
Figure 4.29 :   Inputting of the soil parameters in SITWAVE. 
Signal matching is a method of determining an analytical “match” to a measured pile 
integrity test signal. A signal matching analyses consists of a number of runs, 
initially using uniform pile shape and subsequently, with each run changing the pile 
geometry (the cross-section of the pile) until a match is made (Figure 4.30). 
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Figure 4.30 :   Measured and calculated signals along the pile axis after an analysis. 
The measured signal from a pile integrity test is introduced to the pile-soil system. 
During the analysis, the analytical signal is calculated and compared to the measured 
signal. Since the soil model is modeled accurately (relying on the soil investigation 
data), the difference between the measured and calculated signals are because of the 
pile geometry. The cross-section area of the pile for each increment is changed until 
a good agreement is obtained between the measured and calculated signals. The final 
geometry of the pile is obtained after the analysis is completed (Figure 4.31). 
 
Figure 4.31 :   The final geometry of the pile after an analysis. 
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5. EVALUATION AND DATA ANALYSIS OF FIELD APPLICATION 
Pile integrity tests were performed on all the piles in two different sites in 
Büyükçekmece region of İstanbul. The sites, which are close to each other, are 
labeled as Site A and Site B. There are 91 piles in Site A, whereas Site B consists of 
96 piles. All of the piles in both sites are drilled and cast-in-situ piles, which are 
120 cm in diameter. The piles in Site A have 36.5 m length, where the ones in Site B 
have 30.5 m length. The piles are constructed in two rows and the installment plans 
of the sites are shown in Figure 5.1 and Figure 5.2. 
5.1. Soil Investigation 
Standard penetration tests (SPT) were performed for soil investigation and the soil 
profile is obtained from the boring logs. The soil profile consists of made ground on 
top, and underlying Çukurçeşme and Gürpınar formations. 
Made ground consists of sand, gravel and clay mixture with a thickness of 1.6 to 
3.0 m. Çukurçeşme formation is made up of clay, sand and thin gravel interlayers. 
Gürpınar formation in general consists of overconsolidated, fissured clay and thin 
weak tuffite interbeds. The soil profile consists of silty clay layers mostly; but sandy 
and gravelly clay layers are also available. Soil profile and the location of the boring 
logs in the area are illustrated in Figure 5.3. The locations of the piles are also shown 
in the profile. 
From the standard penetration test results, it is observed that in the borehole closer to 
the piles in the site, the SPT N30 value exceeds 40 after 6 m depth and reaches 50 at 
10.50 m depth. The tests were stopped after 15 meters, but borings were continued 
up to 30 m depth. The SPT logs of the area are illustrated in Figure 5.4. 
 
90 
 
Figure 5.1 :   Installment plan of the tested piles in Site A. 
91 
 
Figure 5.2 :   Installment plan of the tested piles in Site B. 
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Figure 5.3 :   Location of the boring logs and the soil profile of the area. 
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Figure 5.4 :   SPT logs of the area. 
5.2. Integrity Testing 
Sonic echo method is used in the integrity testing of the piles for quality control and 
to determine the possible discontinuities like cracks and increase/decrease in the 
cross-section of the piles (Figure 5.5). It is briefly referred as the sonic integrity test 
(SIT). More than three tests were performed for each pile, and three records close to 
the average were taken for the evaluation. The results of the tests can be used directly 
to analyze the piles for discontinuities, however this analyze type is qualitative and it 
only gives brief information about the discontinuities and sometimes it is possible to 
overlook some details. Thus, for quantitative analysis, signal matching process is 
performed. 
5.3. Signal Matching 
To perform the signal matching process, TNOWAVE’s SIT simulation and signal 
matching software, “SITWAVE Wave Equation Package” was used (Figure 4.27). 
In the process, soil investigation data in terms of SPT values and initial pile geometry 
(length and diameter) are entered in the program (Figure 4.28 and Figure 4.29). The 
field measured signal for the particular pile is also loaded for the analysis. The 
parameters of the measured signal are adjusted to obtain reasonable output. The 
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adjusted parameters of the measured signal are filter value, amplification and shift 
data. In this study, before the actual analysis, various combinations of these 
parameters were trialed on a model pile to obtain an optimum result. The trials and 
selected parameters are shown in Table 5.1. 
 
Figure 5.5 :   Pile integrity testing. 
Table 5.1: Trialed and selected values for the parameters of the measured signal. 
Parameter Trialed Value Selected Value 
Filter value 
1 
2 2 
3 
Amplification 
1 
10 
2 
5 
10 
20 
Shift data (mm/s) 
0.00 
0.00 0.01 
0.02 
5.4. Results of the Analysis 
In the signal matching process, piles in Site A and Site B are divided into 36 and 30 
parts, respectively. Thus, approximately 1 m increment is selected for each pile. As 
the increment size decreases, the analysis becomes more sensible. However, the 
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analysis takes four times longer if the increment size is halved. After several trials 
with different increment sizes, it is seen that 1 m length for the pile increment is 
adequate and it gives reasonable results. 
From the analysis results, geometries of the piles are attained, with the help of the 
cross-section areas obtained for each pile increment. The evaluated data is used to 
attain the discontinuities in pile section along the pile axis. In each increment, there 
are three cases which are; increase, decrease or no change in the cross-section of the 
pile. The possible discontinuity types are classified which are shown in. 
Table 5.2: Classification of pile discontinuity types 
Discontinuity type Description 
Type A No change in pile cross-section. 
Type B Only increase in pile cross-section. 
Type C Only decrease in pile cross-section. 
Type D Both decrease and increase in pile cross-section. 
The percentages of pile changes in the pile geometry are shown on a graph. Cross-
section decrease and increase histograms for both sites related to pile depths are 
drawn. In addition to those, the piles with no change in cross-section area are also 
shown and finally the results are summarized in a single chart. 
5.4.1. Analysis of the Piles in Site A 
Figure 5.6 shows the percentages of pile discontinuities in Site A. 
 
Figure 5.6 :   Percentages of piles with change in pile cross-section (Site A). 
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In Site A, there was no change in 7 piles (8%) and 83 of the piles had a discontinuity. 
The majority of the piles have both increase and decrease in the cross-section area. 
The number of piles and their percentages related with the discontinuity types for this 
site is summarized in detail and can be seen in Table 5.3. The table also shows the 
discontinuities for each soil layer. 
Table 5.3: Summary of the discontinuities for Site A. 
PROFILE Discontinuity 
% of 
piles 
# of 
piles PROFILE Discontinuity 
% of 
piles 
# of 
piles 
W
H
O
LE
 
Type A 8% 7 
6-
13
 m
 
Si
lty
 c
la
y 
Type A 14% 13 
Type B 0% 0 Type B 7% 6 
Type C 1% 1 Type C 13% 12 
Type D 91% 83 Type D 66% 60 
0-
3 
m
 
M
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e 
gr
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nd
 Type A 8% 7 
13
-1
7 
m
 
W
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k 
tu
ffi
te
 Type A 47% 43 
Type B 54% 49 Type B 1% 1 
Type C 3% 3 Type C 48% 44 
Type D 35% 32 Type D 3% 3 
3-
6 
m
 
Sa
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y 
gr
av
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ly
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la
y 
Type A 11% 10 
17
-3
6.
5 
m
 
Si
lty
 c
la
y 
Type A 25% 23 
Type B 37% 34 Type B 0% 0 
Type C 8% 7 Type C 62% 56 
Type D 44% 40 Type D 13% 12 
Figure 5.7 shows the graphs of number of piles which have increase or no change in 
the cross-section in Site A. In Figure 5.8, piles with decrease in cross-section can be 
seen. The amount of cross-section decrease is observed in three levels, which are 
10%, 20% and 30% of decrease. The summary of the cross-section status of the piles 
in Site A is graphed in Figure 5.9. 
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Figure 5.7 :   Piles with no discontinuity and piles with cross-section increase by 
depth (Site A). 
 
Figure 5.8 :   Number of piles with various decrease percentages in cross-section by 
depth (Site A). 
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Figure 5.9 :   Summary of the changes in piles of Site A. 
5.4.2. Analysis of the Piles in Site B 
Figure 5.11 shows the graph of number of piles with no cross-section change as well 
as the piles with increase in their cross-section in Site B. In Figure 5.12, the piles 
with cross-section decrease can be seen. The summary of the cross-section status of 
the piles in Site B is graphed in Figure 5.13. 
In this site, 22 piles (23%) have no change and 22 piles (23%) had only increase in 
cross-section. 52 of the piles had a decrease in cross-section and the majority of the 
piles have both increase and decrease in the cross-section area. 
The number of piles and their percentages related with the discontinuity types for this 
site is summarized in detail and can be seen in Table 5.4. The table also shows the 
discontinuities for each 5 m depth increment. 
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Finally, after all the piles in both sites are analyzed, a graph with respect to the soil 
profile is illustrated in Figure 5.14. This graph shows the number of piles with 
corresponding discontinuity types in each soil layer. 
 
Figure 5.10 :   Percentages of piles with change in pile cross-section (Site B). 
Table 5.4: Summary of the discontinuities for Site B. 
PROFILE Discontinuity 
% of 
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piles 
# of 
piles 
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Figure 5.11 :   Piles with no discontinuity and piles with cross-section increase by 
depth (Site B). 
 
Figure 5.12 :   Number of piles with various decrease percentages in cross-section 
by depth (Site B). 
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Figure 5.13 :   Summary of the changes in piles of Site B. 
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Figure 5.14 :   Number of piles and their discontinuity types with respect to the soil 
profile of both sites. 
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6. CONCLUSION 
In this study, pile integrity testing data of 187 piles in two close sites located in 
Büyükçekmece district are analyzed. The test method utilized in this project is the 
sonic echo method, and the test itself is specifically called the “Sonic Integrity Test”. 
The aim of this study is to detect occurrence of discontinuities along the pile axis. 
The results of the SIT can be used directly to analyze the piles for discontinuities, 
however this analyze type is qualitative and it only gives brief information about the 
discontinuities and sometimes it is possible to overlook some details. Thus, for 
quantitative analysis, signal matching process is performed. To perform the signal 
matching process, TNOWAVE’s SIT simulation and signal matching software, 
“SITWAVE Wave Equation Package” is used. 
SIT is based on the propagation of stress wave through the pile axis. The stress wave 
is generated by an impulse of a handheld hammer. Several different solution 
approaches have been derived in order to model the pile-soil system. Among these, 
method of characteristics is the most reasonable solution. In the signal matching 
analysis, basically the geometry of the pile is changed to match the software 
generated signal to the measured test signal. Theoretical knowledge forming the 
SITWAVE program algorithm and the application steps are given briefly. Further 
analyzes were performed to determine discontinuity type-depth of discontinuity-soil 
type relations. 
Soil investigation was carried on via boreholes and standard penetration tests. The 
soil profile consists of made ground in the upper level; and Çukurçeşme-Gürpınar 
formations below. The soil profile consists of silty clay layers mostly; but sandy and 
gravelly clay layers are also available. There is also weak tuffite interbedding. 
Based on the case study performed with the SIT simulation and signal matching 
software (SITWAVE), the following are concluded: 
• 29 (16%) of all 187 piles have no discontinuity. The majority (70%) of the 
piles have Type D discontinuity, which means these piles have both increase 
and decrease in their cross-section area. 
104 
• It is seen that, most of the discontinuities occurred in Site A. The majority of 
the decrease in the cross-section occurs in the silty clay and the weak tuffite 
layers. However, in Site B, most of the decrease in pile cross-section occurs 
in the made ground, the first 2 m of the soil profile. 
• In both sites, piles with more than 30% decrement in cross-section area were 
observed in 2-4 m of depth. The soil profile is sandy gravelly clay for both 
sites. 
• For signal matching analysis, the sonic integrity testing must be performed 
properly and SIT data should be reliable. The pile head should be flat and 
cleaned before testing. There should be enough space on the pile head for the 
hammer blow. 
• Piles should be investigated if possible when serious discontinuities are 
detected in the analysis.  
• Finally, the site investigation test results must be reliable. The analyzes 
greatly depend on the soil investigation data. Thus, tests must be performed 
with great care and adequate number of tests should be performed. 
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APPENDIX A 
BORING LOGS OF THE AREA 
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Hard, brown, sandy fine gravelly, CLAY.
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